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ABSTRACT

Total lipids and glyeerolipids from selected tissues
of the tobacco budworm, H aHotMa yiragceng, were analyzed
for fatty acid content, Palmitate, palmitoleate, stearate,
oleate, linoleate, and linolenate were identified as the
most abundant fatty acids in this insect. Myristate was
also present in trace amounts, but no arachidonate or trans
fatty acids were detected.
Total lipids from the larval insect diet contained the
same fatty acids, but the difference between the fatty acid
composition of the diet and that of the insect indicated
that

virescens actively synthesized new fatty

acids.
The 5th and 6th instar larvae digested approximately
70# of the total dietary lipid.

Analysis of the fatty acid

composition of the total lipid remaining in the feces
indicated that the polyunsaturated fatty acids, linoleate
and linolenate, were preferentially absorbed. Elevated
levels of palmitate, stearate, and oleate were noted in the
feces relative to the diet.
Of the lipids found in 3-day-old pupal fat body, 9095# were triacylglycerols. Lesser amounts of diacylglycerols
and phospholipids were present, but no monoacylglycerols or
fatty acids were detected.

The triacylglycerols contained

palmitate (38.4 mole #), palmitoleate (6.9 mole #), stearate
x

(1,8 mole

%)t

oleate (30.4 mole #), linoleate (19.0 mole %),

and linolenate (4.9 mole $>).

The composition of the diacyl

glycerols was similar to that of the triacylglycerols, but
contained higher amounts of the polyunsaturated fatty acids.
Phospholipids of male pupae were significantly more unsatur
ated than those from female pupae, Triacylglycerols and
diacylglycerols of males f however, tended to be more saturated
than those from females.
In flight muscle from 1-day-old adults, phospholipid
was the dominant glycerolipid fraction.

Triacylglycerols,

diacylglycerols, and fatty acids were also present.

Most of

the triacylglycerols probably originated in the fat body
tissue which infiltrated the flight muscle.

Palmitate was the

prinicipal fatty acid in the triacylglycerols and diacyl
glycerols whereas linoleate and linolenate were more abundant
in the phospholipids.

The results indicated that in male

flight muscle, linoleate and linolenate were conserved in
phospholipids and the saturated fatty acids, palmitate and
stearate, were the immediate source of flight fuel.
In both fat body and flight muscle lipids, the differ
ences between the fatty acid compositions of the diacyl
glycerols and phospholipids indicated that the two fractions
derived from different metabolic pools or from selective
utilisation of precursors.
In all testicular glyeerolipids, palmitoleate levels
were elevated above the amounts found in either fat body or
xi

flight muscle.

The elevated palmitoleate was associated

primarily with the neutral lipids which may indicate that
it had little structural function and may have been used to
spare polyunsaturated fatty acids for phospholipid synthesis.
Lipids from eggs which had been frozen for several
weeks contained unexpectedly high quantities of monoacylglycerols and fatty acids.

When lipids were extracted within

24 hours after oviposition, no monoaeylglycerols were found
and the amount of diacylglycerols and fatty acids was minimal.
Under both conditions, triacylglycerols and phospholipids
were the dominant fractions,

Triacylglycerols from eggs were

only slightly more saturated than those from fat body, but
monoaeylglycerols and diacylglycerols were very low in poly
unsaturated fatty acids.

The fatty acid fraction from stored

eggs contained predominantly unsaturated fatty acids,

Low-

temperature lipases appear to be active in eggs during cold
storage,
Stereospecific analysis of triacylglycerols from female
pupal fat body revealed that the saturated fatty acids, palmi
tate and stearate, occurred preferentially at position 1,
oleate and the polyunsaturated fatty acids, linoleate and
linolenate, at position 2, and a more random assortment at
position 3 (which included most of the palmitoleate).

x ii

INTRODUCTION

Triacylglycerols are glycerolipids which function as
the primary energy reserve in animal tissues.

Catabolism

of triacylglycerols provides more than twice as many
calories per gram as does oxidation of either carbohydrates
or proteins.

Carbohydrates are especially poor energy

storage compounds because most animals have a limited
capacity to amass polysaccharides and the water required
for hydration of glycogen, for example, increases both
polymer bulk and cellular space necessary for storage
(Schemmel, 1976).

The use of triacylglycerols as primary

metabolic substrates enables animals to accumulate a larger
reservoir of energy in a smaller volume which may be used
during periods of prolonged energy demand.

In addition to

the higher energy yield, catabolism of triacylglycerols
supplies twice as much metabolic water as do carbohydrates,
a factor of considerable importance in preventing dessication of some animals (Downer and Matthews, 1976).
Dietary carbohydrate and lipid consumed in excess of the
organism's immediate requirement are converted to triacyl
glycerols.

Fatty acids ingested in the diet and those
1

2

synthesized jig. novo by the organism are esterified to each
of the three hydroxyl positions of the glycerol molecule.
Many molecular species of triacylglycerols exist?
therefore, the lipid fraction is actually a population of
related molecules differing in fatty acid constituents.
The biosynthesis of triacylglycerols involves both
the jig. novo synthesis of the fatty acid components
(Figure 1) and the incorporation of fatty acids into
glycerolipids (Figure 2) (Numa and Yamashita, 197*0.

Both

pathways are intimately related to carbohydrate metabolism.
Biosynthesis of fatty acids (recently reviewed by Bloch
and Vance, 1977) has been studied extensively in many
tissues.

Purification and characterization of the two key

cytoplasmic enzyme systems, acetyl-CoA carboxylase and
fatty acid synthetase, have been accomplished.

Fatty acid

synthesizing enzymes occur as aggregated multi-enzyme
complexes (type I) in yeast and animals and nonaggregated
complexes (type II) in bacteria and plants.

In those

tissues containing type I fatty acid synthetase, regulation
of fatty acid synthesis involves both short term control
of enzyme activity by small molecules and adaptive control
in which the quantity of enzyme itself is altered.

The

effects of molecular modulators, such as citrate and longchain acyl-CoA*s, and adaptive changes resulting from
nutritional, hormonal, and developmental factors vary
depending upon the enzyme source.

Fatty acid synthesis by

3

a microsomal enzyme complex and by two or more enzyme
systems located in the mitochondria (Bond and Pynadath,
1976) may be restricted to elongation of dietary fatty
acids and fatty acids produced by cytoplasmic enzymes.
Fatty acids of dietary origin and those synthesized
de novo are esterified to glycerol in a pathway proposed
by Kennedy (1953)» Weiss and Kennedy (1956), and Kornberg
and Pricer (1953).

It is this esterification step in

glycerolipid synthesis with which this dissertation is
primarily concerned.

The acyltransferases which catalyze

the esterification are usually bound in the microsomal
membrane (Christiansen, 1975).

The end-products of the

sn-glycerol 3“Phosphate pathway are triacylglycerols and
glycerophospholipids.

Dihydroxyacetone phosphate is also

incorporated into glycerolipids via phosphatidic acid
(Hajra, 1968 ),

Diacylglycerols, lysoglycerophospholipids,

and phosphatidic acids serve as intermediates.
Glycerophospholipids are essential structural compon
ents of membranes and it is, therefore, not surprising that
substitution of fatty acids at positions 1 and 2 of the
glycerol molecule is nonrandom (Kuksis, 1972? Numa and
Yamashita, 197*0.

Pairing of specific fatty acids has also

been reported (Holub gi ai., 1970).

The necessity for

asymmetric distribution of fatty acids in triacylglycerols
is less certain.

Triacylglycerols are not structural

components of the cell, but the common phosphatidic acid

origin of triacylglycerols and glycerophospholipids may
dictate nonrandom distribution of fatty acids in both.
The specificity of the acylating enzymes for certain fatty
acids is at least partly responsible for the asymmetric
distribution of fatty acids in glycerolipids (Numa and
Yamashita* 1974).

The means by which fatty acids are

divided between catabolism and glycerolipid synthesis is
unknown.
Although isolation and characterization of the acyltransferases are recent achievements (Numa and Yamashita,
1974), structural analysis of triacylglycerols from many
sources has provided much inferred information concerning
enzyme specificity.

The procedure, stereospecific analysis

first devised by Brockerhoff (1965) and later modified by
others (Yurkowski and Brockerhoff, 1966% Christie and Moore
1 9 69 ? Weber

si., 1971) allows determination of fatty

acid distributions of each of the three acylated positions
of triacylglycerols.

Although not all triacylglycerols

conform to a general pattern, saturated fatty acids usually
predominate at position 1 with the majority of unsaturated
fatty acids located at position 2 in both triacylglycerols
and glycerophospholipids.

The fatty acid composition of

position 3 in triacylglycerols is more random than either
position 1 or 2 (Brockerhoff, 1971? Kuksis, 1972),
Glycerolipid biosynthesis in insects has received
relatively little attention, although lipid analyses of

tissues from many insect species in various developmental
stages have been reported (Fast* 1970: Gilbert, 1967).
Fatty acid synthetase recently isolated from a dipteran
(see Glossary), the Mediterranean fruit fly, Ceratitis
caoitata (Wiedemann), is similar in molecular weight and
character to mammalian type I fatty acid synthetase
(Municioet al.. 1 9 7 7 ).

Tietz (1969 ) has shown that in the

locust (Locusta migrator la.) fat body, diacylglycerols are
formed from both sn-glycerol 3 -phosphate via phosphatidic
acid (Kennedy pathway) and from 2-monoacylglycerols (Tietz
et al., 1975).

Structural analyses of triacylglycerols

from only two insect species have been reported.

Larvae of

a beetle, the yellow mealworm, Tenebrio molitor Linnaeus
(Brockerhoff

al., 1966 ), and Ceratitis caoitata larvae

(Municio et al., 1975) contain asymmetric triacylglycerols
in which positional distribution of fatty acids resembles
the general pattern described by Brockerhoff (1971),
Many insects, particularly lepidopterans (moths and
butterflies), utilize triacylglycerols almost exclusively
as the energy supply (Turunen, 197*0.

Insect fat body is

the major organ involved in synthetic and degradative
metabolic processes and storage of triacylglycerols
(Karnavar and Nayar, 1973).

Pat body has a combined

function and importance similar to vertebrate liver and
adipose tissue.

In holometabolous insects, the energy

6

requirements of metamorphosis are met by fat body
metabolic activity.
Adult lepidopterans ingest only small amounts of
liquid from plants. Moths are short-lived and function
primarily to reproduce.

The fat body lipid which is

accumulated during larval development is depleted as the
adult ages.
flyers.

In mating, most lepidopterans are active

Insect flight muscle maintains the highest

metabolic rate of any known animal tissue (Downer and
Matthews, 1976),

Triacylglycerols, endergonically released

from the fat body into the hemolymph as diacylglycerols
(Gilbert and Chino, 197*0» are transported to the flight
muscle for utilization as fuel.

In female moths, the

production of eggs is dependent upon fat body lipid trans
ported via the hemolymph to the developing oScytes.
In general, the major biochemical pathways and mech
anisms in insects are the same as those known in higher
organisms.

Insects offer many advantages, therefore, to

the biochemist for study of basic metabolic events.

Because

they are characterized by high fecundity, short life span,
and small size, insects may be reared inexpensively and
handled in large numbers, thereby reducing the effect of
individual variations.

Micro-dissection techniques allow

isolation of specific organs from many insects as well.
An insecticide-resistent pest, Heliothis Yirg.gQ.ftng
(Fabricius), the tobacco budworm (Figure 3)» causes

extensive damage to cotton and tobacco crops in the south
eastern United States each year.

Heliothis virescens is

the subject of the investigations described herein.

Wood

et al. (19 69 ) reported that in Heliothis virescens. distri
bution of individual molecular species of intact triacyl
glycerols (based upon total carbon number) changed during
various metamorphic stages.

Lipids used in the study were

obtained from whole insects without separation by sex.
Calculations based upon fatty acid composition and carbon
numbers of intact triacylglycerols indicated that positional
distribution of fatty acids in triacylglycerols was
nonrandom.
In the study described in this dissertation, charact
erization of Heliothis virescens glycerolipids, triacyl
glycerols as well as diacylglycerols, monoaeylglycerols
(when present), and total glycerophospholipids, was
extended to specific insect tissues.

Structural analysis

of triacylglycerols from the fat body was performed to show
conclusively whether or not positional distribution of fatty
acids was nonrandom.

To accomplish these goals, experiments

were designed to answer these questionst
(1)

According to Wood

al. (1969 ), maximum lipid content

in Heliothis virescens is found in the early pupal stage.
What are the fatty acid distributions in the total lipid
and major glycerolipid fractions of early pupal fat body?
How does the fat body total lipid composition compare with

that of the diet used in this study? Is the diet similar
to that used by Wood §£ al. (19 69 )?

If not, are diet

differences reflected in insect lipid composition observed
in this study and reported by Wood si al. (19 6 9 )?
(2)

Is the larval insect capable of selective absorption

of certain fatty acids as suggested by Wood si al. (19 69 )?
(3)

What are the major glycerolipid fractions in flight

muscle, testis, and eggs?

These tissues utilize most of

the fat body lipid,
(4)

Lipid analyses of other lepidopterans (Fast, 1970)

have indicated that sexual dimorphism in lipid composition
does occur.

Is sexual dimorphism apparent in the glycero-

lipids of HslioJilig.3£iKg.gCfing pupal fat body and flight
muscle?
(5)

No structural analysis of lepidopteran triacyl

glycerols has yet been reported.

Is the positional distri

bution of fatty acids in Hfillgfthia virescens triacyl
glycerols nonrandom as calculated by Wood et al. (1969 )?
How does the positional distribution of fatty acids in
triacylglycerols compare with results reported for
higher animals?

LITERATURE REVIEW

The scientific literature concerning the biochemistry
of glycerolipids and the metabolism of insect lipids is so
voluminous that only the most pertinent topics can be
discussed in relation to this dissertation.

Comprehensive

literature reviews are available which summarize the
research prior to 1972.

Selected current reports have been

reviewed and are incorporated so that an up-to-date
presentation of each topic is hopefully achieved.

The

four subjects chosen werei structure and nomenclature of
glycerolipids; structural analysis of triacylglycerols;
metabolic pathways and enzymes resulting in the acylation
of fatty acids with glycerol; and glycerolipid metabolism
in insects (emphasis on Lepidoptera).
Glycerolipid nomenclature prior to 1972 was often
haphazard.

The Internation Union of Pure And Applied

Chemistry-International Union of Biochemistry (IUPAC-IUB)
Commission on Biochemical Nomenclature (CBN) in 1967 ^
suggested that a system, called stereospecific numbering,

1Eur. J. Biochem. 2, 127-1^3 (1967).
9

10

be used for designating glycerol derivatives.

This system

deviated considerably from earlier standard stereochemical
nomenclature.

The principle of stereospecific numbering,

first proposed by Hirshmann (I9 6 0 ), has been widely
accepted and used by most lipid biochemists.

In 19761,

the CBN formally incorporated into its recommendations the
rules to be used in naming glycerol derivatives.

The

nomenclature in this dissertation complies with those 1976
recommendations of the CNB,
To number stereospecifically the three glycerol
carbons of a glycerolipid, the structure is drawn in the
L-form (Wolfrom, 19631 Baddiley g£ al.» 1957) of its
Fischer projection (Figure 4) which means that given a
vertical three carbon chain, the hydroxyl group of C-2 is
placed to the left.

The top carbon is then designated

C-l and the bottom, C-3, and these hydroxyl (or acyl)
groups are shown to the right.

To indicate that the

structure is stereospecifically numbered, the prefix Msnw
is placed immediately preceding the glycerol term.

Since

this numbering is always retained, L-glycerol and snglycerol are interchangeable in all nomenclature.
Under standard rules of nomenclature (Baddiley

al.,

1957)» glycerol derivatives often can be given two
different names.

As illustrated in Figure 4, L-glycerol

lipids 12, 455-468 (1977).

11

3-phosphate is the same as D-glycerol 1-phosphate.

Unlike

the D/L system, stereospecific numbering provides steric
information which emphasizes the biosynthetic origin of
glycerolipids.
A diagrammatic representation of generic glycero
lipids constituting a useful structural shorthand, which is
often used in research literature, is a vertical line drawn
to represent the carbon skeleton of glycerol with numbers
(corresponding to stereospecific numbering) placed at
acylated positions to indicate the presence of substituted
groups (Figure

The common fatty acids which occur in

U),

natural triacylglycerols and are of most importance to this
study are listed in Table I,

The nomenclature used for

the fatty acids and their abbreviations complies with the
1976 recommendations of the CBN,
Because glycerol has a center of chilarity (ie. C-2),
one end of the three dimensional molecule can be distin
guished from the other end by an asymmetric reagent, such
as an enzyme (Hirschmann, i9 6 0 ).

Regardless of the fatty

acid substituents, the 1- and 3 - positions of glycerol are
not interchangeable.

The stereospecific nature of phospho-

lipases has long been used to identify fatty acid substit
uents at C-l and C-2 positions of glycerophospholipids
(Hanahan, i9 6 0 ).

Methods for stereospecific analysis of

triacylglycerols were more difficult to develop because
fatty acids occur at all three acylated positions.

Also

12

compounding the analytical difficulties is the fact that
no known enzyme selectively removes only one acyl group
from triacylglycerols.
Early structural studies of trlacyIglyceroIs utilized
pancreatic lipase (EC 3.1,1.3).

This enzyme, if allowed

to react to completion, hydrolyzes fatty acids at positions
1 and 3 leaving fatty acids plus 2-monoacylglycerols
(Mattson and Beck, 1956).

Unfortunately, individual comp

ositions of positions 1 and 3 were not distinguishable,
Brockerhoff (1965) devised the first method to determine
all three positions.

Partial hydrolysis of triacyl

glycerols by pancreatic lipase was used to generate a
random but representative sample of diacylglycerols in
which the molar yield of 1,2-diacylglycerols equaled that
of 2,3-diacylglycerols. The two molecular species, which
are not chromatographically separable, were used to synthe
size L- and D-phosphatidylphenoIs. These synthetic phospho
lipids were then reacted with phospholipase

only the

L-phosphatidylphenol could serve as substrate. The
products, the fatty acid from position 2 and a lysophosphatidylphenol containing fatty acid from position 2 and a
lysophosphatidylphenol containing position 1 fatty acid,
were then analyzed by gas chromatography.

The fatty acid

composition of position 3 was then calculated by subtracting
the compositions of acyl groups at positions 1 and 2 from
the total triacylglycerol fatty acid composition.

In one of the first examinations of triacylglycerols
by this method, analyses of 7 different vegetable oils or
fats indicated that the fatty acid compositions of
positions 1 and 3 were similar, but not identical
(Brockerhoff and Yurkowski, 1966).

The fatty acid composi

tions of positions 1 and 3 were described as asymmetric
because individual fatty acids were not equally distributed
between the two positions.

Mammalian depot triacylglycerols

from man, cat, dog, rat, rabbit, beef, horse, and pig were
all very asymmetric.

The triacylglycerols from a frog,

&30& Piniens. insect larvae of T&mfezlo.molitor. and
goldfish (no scientific name given) were also found to be
asymmetric.

Symmetrical fatty acid distributions were

found in triacylglycerols of three birds (chicken, duck,
and turkey), the lobster, HflmftgUS afflgxififlima» and the
speckled trout, aalxgJlima
1966).

X&I&ixsdlS.

(Brockerhoff gi al.,

Most asymmetrical triacylglycerols had a prepond

erance of palmitic acid in position 1, oleic acid in
position 3» and unsaturated fatty acids in position 2,

The

most notable exceptions to the above patterns of fatty
acid placement were triacylglycerols from pig and marine
mammals in which chain length of position 2 fatty acids
was more significant than degree of unsaturation.
Brockerhoff (1 9 65 ) noted that the abundance of stearate in
the 2-position of lard triacylglycerols and the high
amount of very long-chain fatty acids in marine lipids
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resulted in the generation of non-representative or
nonrandom diacylglycerols by pancreatic lipase hydrolysis.
Because the pancreatic lipase method was not appli
cable to all triacylglycerols, Yurkowski and Brockerhoff
(1966) devised an ingeneous procedure whereby random
generation of diacylglycerols was achieved by hydrolysis
of triacylglycerols in a Grignard reaction with methyl
magnesium bromide.

Procedures for synthesis of racemic

phosphatidylphenols and for phospholipase Ag hydrolysis
of 3-sn-phosphatidylpheno1s were unaltered from earlier
procedures.

The method when tested on marine oils success

fully generated random diacylglycerols.

Acyl migration

(in which the less stable secondary 2-position fatty acid
of 1,2(2,3)-diacylglycerols migrates to the more stable
primary hydroxyl of positions 1 or 3) was determined to be
minimal and accounted for only 1.5# of the diacylglycerols.
Determination of diacylglycerol composition after each
hydrolysis (whether by pancreatic lipase or Grignard) is
now considered necessary to compare experimental values
with expected composition (calculated from triacylglycerol
total fatty acid composition) to determine whether the
hydrolysis has proceeded randomly.

Only then can the

diacylglycerols be used for stereospecific analysis
(Anderson e£ a l< » 1967).

Although generation of represent

ative diacylglycerols from pancreatic lipase is possible
for many (if not most) natural triacylglycerols, hydrolysis
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by Grignard reagent is the preferred method
(Christie, 1973).
Christie and Moore (19 69 ) studied the degree of
error resulting from acyl migration during 1 ,2 (2 ,3 )diacylglycerol formation.

They found that when ethyl

magnesium bromide was substituted for methyl magnesium
bromide, positions 1 and 3 of 1,2(2,3 )-diacylglycerols
were not contaminated by fatty acids migrating from
other positions.

However, position 2 of 1,2(2,3)-diacyl-

glycerols and position 1 and 3 of 1 ,3 “diacylglycerols
were altered by acyl migration.

Christie and Moore (19 69 )

recommended that ethyl magnesium bromide be used to gener
ate the random diacylglycerols for subsequent determination
of position 1 fatty acids, but that the position 2 fatty
acids should be determined by analysis of the 2 -monoacylglycerols resulting from complete pancreatic lipase hydrol
ysis of triacylglycerols.

A modification of the ethyl

magnesium bromide procedure used by Wood and Snyder (1 9 6 9 )
reduced the amount of lipid required to 0 , 0 1 of the amount
needed by Brockerhoff (1965 ).
glycerols,

By utilizing the 1,3-diacyl-

Wood and Snyder (1969 ) determined the identity

of position 3 fatty acids directly.

Calculations of

position 3 were also made by the Brockerhoff method and by
using 2,3-diacyl-aa-phosphophenol data.

The accuracy of

the latter calculation is dependent upon the complete
reaction of phospholipase Ag with 1.2-diacvl-sn-phosphophenol
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so that none remains to contaminate its racemate.
The source of phospholipase used in the early
methods was snake venom from the rattlesnake, Crotalus
atrox. Experiments of Nutter and Privett (1966 ) showed
that of the various snake venoms commercially available,
only Qphiophagus hannah (king cobra) did not selectively
hydrolyze phospholipids dependent upon the fatty acids at
positions 1 and 2.

Hence, most recent experiments have

utilized king cobra venom.

Numerous other methods and

modifications have been reported, but because these are not
relevant to this dissertation, they will not be described.
The reader is referred to comprehensive reviews for
detailed information* Christie, 1973? Kuksis, 1972? and
Brockerhoff, 1971.
From accumulated stereospecific analysis data
(Kuksis, 1972? Brockerhoff, 1971)* some basic information
has evolved.

All natural lipids are composed of mixed

triacylglycerols containing one or more different fatty
acids in a single triacylglycerol molecule.

Although

fatty acid distribution in plant triacylglycerols is more
symmetric than in animal lipids, none have been found to
be totally racemic.

The results from plant studies also

indicate that a general pattern does exist similar to that
in animals.

Saturated fatty acids in plant triacyl

glycerols predominate in position 1 while fatty acids
longer than C^g are usually found in positions 1 and 3 .
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de la Roche e£ gj*. (1971b) have shown that fatty acid
distributions differ in several closely related strains
of maize.

This finding suggests that fatty acid distri

bution may be under genetic control.
Due perhaps to the higher body temperatures of mam
malians, mammalian fats tend to be more saturated with
fewer different fatty acid species relative to plants and
cold-blooded animals.

Table II indicates general posi

tional patterns of fatty acids in triacylglycerols.

Numer

ous exceptions to these patterns have been found (Kuksis,
1972} Brockerhoff, 1971).
The distribution of fatty acids among the various
triacylglycerols within a given tissue has been the sub
ject of several mathematical approaches which statistically
determine the # occurrence of each triacylglycerol species
(Litchfield et al., 1 9 67 ).

Mathematical predictions based

on one of three theories of so-called "random" fatty acid
distribution.

If fatty acids are assumed to be randomly

distributed to all hydroxyl groups, the fatty acids from
a single pool would be incorporated in a 1 ,2 ,3 -random
pattern.

Results compiled from stereospecific analysis

indicate that the 1 ,2 ,3 -random situation does not occur.
The l,3~random-2-random mathematical approach has been
applied to a number of fats in which fatty acid distrib
ution at positions 1 and 3 are similar, but different from
that at position 2 , Two fatty acid pools are therefore
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required.

Although a number of triacylglycerols have

been found in which the 1 - and 3 “ positions are similar,
the differences, though slight, do indicate that the basis
of this theory may be questionable.
The pattern of distribution which has the most exper
imental support is the l-random-2 -random-3 "random approach
in which three different pools of fatty acids exist, one
for each triacylglycerol position.

Within each pool,

fatty acids are thought to be selected randomly and
distributed uniformly over all triacylglycerol molecules
in the particular position related to the pool,

"Noncor

relative •' acylation is therefore required which means that
during biosynthesis, fatty acids already positioned on the
partial acylglycerol do not influence the selection of
fatty acids for remaining acylations (Slakey and Lands,
1968).

While this is believed to be true for synthesis of

most triacylglycerols, correlative specificity has been
reported for corn oil (de la Roche §i a l # » 1971a and 1971bj
Weber e£ a l . » 1971).
To understand how asymmetric distribution of fatty
acids in triacylglycerols can occur, researchers have
focused attention upon the interconnecting pathways and
enzymes involved in glycerolipid biosynthesis.

Three

different pathways are known to generate triacylglycerols
(Figures 2 and 5).

The first pathway reported was the

glycerophosphate or sn-glvcerol 3 ~phosphate pathway
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(Kennedy, 1953* Weiss gi &1., I960? Weiss and Kennedy, 1956)
in which the 1 - and 2 -positions of sn-glvcerol 3 -phosphate
are acylated.

The product, phosphatidic acid also called

phosphatidate, undergoes an enzymatic hydrolysis which
removes the phosphate group, leaving a 1 .2 -diacvl-snglycerol.

The latter is subsequently acylated to form a

triacylglycerol*

A second pathway (Figure 5)* of great

importance in intestinal tissue, involves direct double
acylation of 2 -monoacylglycerol (and possible 1 -monoacylglycerol) to form triacylglycerol without the phosphatidate
intermediate (Brown and Johnson, 1963).

In the most

recently discovered pathway, acylation of dihydroxyacetone
phosphate is followed by carbonyl reduction and acylation
of position 2,

Alkyl glycerolipids are synthesized by this

pathway, but the phosphatidate intermediate is also presum
ably available for synthesis of triacylglycerols as in the
glycerophosphate pathway (Hajra and Agranoff, 1968?
Hajra, 1977).
Information concerning the regulation of glycerolipid
biosynthesis is fragmentary at best.

It is reasonable to

assume, however, that several factors are involved.

These

include the availability of fatty acids (which includes
fatty acid biosynthesis), the subcellular location and
compartmentat ion of enzymes and substrates, the enzyme
specificities, rates of enzyme reactions, and the amounts
of enzymes present.

Since the synthesis of fatty acids is
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not directly pertinent to this project, the reader is
referred to Figure 1 and Bloch and Vance (1977) for a
current review of fatty acid biosynthesis.
Kornberg and Pricer (1953) and Kennedy (1953) first
described the formation of phosphatidic acid from snglycerol 3 -phosphate (Figure 2),

Using a crude enzyme

preparation from chicken liver supplemented with exogenous
ill

1 ,2 -diacylglycerols, Cl-

CJ-palmitic acid, and coenzyme A,

Weiss and Kennedy (1956) subsequently reported that 1,2diacylglycerols were involved in the synthesis of both
?-sn-nhosr)hatidvlcholine and triacylglycerols. The close
interconnection of phospholipid and triacylglycerol
synthesis was thereby established.
The phosphatidate-synthesizing system of the snglycerol 3 ~phosphate pathway was found by Eibl e£ al.
(1969 ) to be located primarily in the microsomal membranes.
Yamashita et al. (19 73 ) further determined that in liver,
the acyl-CoAs sn-glvcerol 3 -phosphate acyltransferase
(EC 2.3.1.15) was located on the smooth microsomal
membrane, but acyl-CoAt 1-acvl-sn-glvcerol 3-phosphate
acyltransferase was found in both smooth and rough endo
plasmic reticulum.

Mitochondrial synthesis of phosphati

date has also been reported (Daae and Bremer, 1970j
Monroy §i &1., 1972).

Van Golde

al. (197*0 discovered

that rat liver mitochondria could activate palmitate by
synthesizing palmitoyl-CoA and could synthesize
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CDP-diacylglycerol^, but could not synthesize phospho
lipids.

Likewise, the golgi complex was inactive in

phospholipid biosynthesis.

The principal site of synthesis

for sphingomyelin, CDP-diacylglycero1, phosphatidylinositol,
phosphatidylcholine, and phosphatidylserine was the rough
endoplasmic reticulum which was four times more active in
synthesis of phosphatidylserine than the smooth endo
plasmic reticulum.
In beef heart, however, the subcellular compartmentation of triacylglycerol biosynthesis may be different
from that of liver.

Electron micrographs have shown the

presence of lipid inclusions in heart and skeletal muscle
from humans and other animals which may be of particular
significance because fatty acids are an important source of
energy in muscle contraction.

The lipid particles were

identified, isolated from beef heart, and found to contain
95# lipid and 5# protein (Christiansen and Jensen, 1972).
Of the lipid, 90# was triacylglycerol and 5# was phospho
lipid.

Electron microscopy and other experimental evidence

support the idea that the triacylglycerols form a core
surrounded by a unit layer of protein and phospholipid.

In

subsequent studies, Christiansen (1975) discovered that
the membrane-bounded particles had both acyl-CoA synthetase
and acyl-CoA* sn-glycerol 3-phosphate acyltransferase

■^CDP* cytidine-5 *-phosphate
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activities and exhibited a greater capacity for synthesis
of diacylglycerols and triacylglycerols than either the
microsomal or mitochondrial fractions.

The latter two

fractions synthesized primarily monacylglycerols, Based
on these results, Christiansen proposed that in beef heart,
synthesis of triacylglycerols may occur on the surface of
the storage vessel itself with secretion of the products
into the lumen of the vessicular particle.
Many experiments have been performed to determine if
nonrandom fatty acid distribution in glycerolipids was due
to enzyme specificity (as reviewed by Numa and Yamashita,
197*0.

Studies with cell-free preparations, tissue slices,

and whole tissues resulted in very different conclusions.
Using

[l (

3 ) -glycerol. Hill si al. (1968 ) found that

a cell-free preparation from pigeon liver microsomes
showed no selectivity in incorporating linoleoyl-CoA and
stearoyl-CoA into phosphatidate, phosphatidylethanolamine,
and phosphatidylcholine. Slices of pigeon liver, by
contrast, exhibited definite preferences in positional
fatty acid distribution.
In general, cell-free microsomal preparations were
found to syithesize glycerolipids, but the products did
not reflect the positional fatty acid preferences known
to occur in vivo. An exception was the work reported by
Possmayer ei al. (1969) in which various radioactive
precursors in rat liver microsomal systems were

23

incorporated asymmetrically into phosphatidylcholine,
phosphatidylethanolamine, phosphatidate, diacylglycero1,
and triacylglycerol fractions.
Lands and Hart (1964) reported that sulfhydryl-binding
reagents such as N-ethylmaleimide and 5#5*-dithio-bis(2-nitrobenzoic acid) inhibited acylation of sn-glycerol
3-phosphate to phosphatidate, but did not inhibit the
acylation of l-acvl-sn-glvcero-3-phosphate to phosphati
date,

These results indicated that two distinct enzymes

were involved in esterification,

Yamashita e£ al, (1972)

successfully resolved the phosphatidate synthesizing
system into two component enzymes, acyl-CoAi sn-glvcerol
3-phosphate acyltransferase and acyl-CoA* 1-acyl-glycerophosphate acyltransferase.

The enzymes could also be

recombined to form an active acylating system.

Lands and

coworkers (Okuyama e£ al* 1971* Tamai, 1972) determined
that fatty acid was first esterified to C-l and then, C-2,
instead of the reverse order.
Unlike the in vitro experiments, studies with tissue
slices or intact animals support the postulate that nonrandom fatty acid distribution in glycerolipids is the
result of enzyme specificities (Numa and Yamashita, 1974).
It is tempting to speculate that subcellular compartmentation of enzymes, fatty acid pools, and cofactors may be
required for nonrandom acylation and that in cell-free
preparations, these parameters are disrupted.

2k

Using

jl( 3)”^cj

-glycerol and rat liver slices, Hill

and Lands (1968 ) labeled rat liver phosphatidates and then
removed the phosphate moieties with phosphatidate phospha
tase from chicken liver.

The resulting 1,2-diacylglycerols

were separated by degree of unsaturation on silver nitrate
thin-layer chromatography.
dates were

70-75%

The newly formed phosphati

monoene and diene.

Analysis of 2-mono-

acylglycerols generated by pancreatic lipase reaction with
phosphatidates indicated that most of the unsaturation
was located at C-2 and, therefore, C-l was usually
saturated.

These results were confirmed for rat liver

lipids of intact rats as well.
The results of other workers (Elovson ei al,, 19691
Akesson, 1970? Akesson at al,, 1970) also indicated that
in liver slices and intact animals, saturated fatty acids
were preferentially esterified to position 1 and unsatur
ated fatty acids were incorporated at position 2,

The

products of £a novo phosphatidate synthesis contained
mainly monoenoic and dienoic fatty acid residues.

Only

minimal amounts of stearate were incorporated into phospha
tidate? arachidonate apparently was not utilized in
phosphatidate synthesis (Possmayer £± al,, 19 69 ? Arvidson,
1968).

Growing evidence indicates that stearoyl-CoA and

arachidonyl-CoA are introduced into phospholipids by a
deacylation-reacylation mechanism involving lysophospholipid intermediates (Numa and Yamashita, 197*0.

In rat
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liver microsomes, l-acyl-an-slycero-3~phosphocholine and
l-acyl-sn-glycero-3-phosphoethanolamine were found to be
much better acceptors of arachidonyl-CoA than 1-acvl-snglycero-3-phosphate (Hill and Lands, 1968),

Using a parti

ally purified l-acvl-sn-glvcero-3-phosphocholine acyl
transferase , Hill and Lands (1968) showed that arachidonoyl-CoA was the best substrate, These results are
consistent with the predominance of arachidonate at posi
tion 2 of mammalian 3-sn-phosphatidvlcholine (Arvidson,
1968| Jezyk and Lands, 19 68 ).

Stearoyl-CoA was also

efficiently esterified to 2-acvl-sn-glvcero-3-phosphoethanolamine (Merkl and Lands, 1963 ) and 2-acvl-sn-glvcero3-phosphocholine (Lands and Hart, 1964).
Thus, experimental results relating fatty acid dis
tribution in triacylglycerols with enzyme specificities
have been thoroughly substantiated for the sn-glvcerol 3 phosphate pathway in liver and probably for other tissues
as well.

Intestinal tissue, however, can synthesize tri

acylglycerols either by the sn-glvcerol 3-phosphate path
way or from alimentary partial acylglycerols.

Hulsmann

and Kurper shoek-Dav idov (1976 ) found that the enzyme
systems were present primarily in the microsomes of the
intestinal villi, but that palmitoyl-CoA synthetase
(EC 6.2.1.3), acyl-CoA» sn-glycerol 3-phosphate acyltransferase, and cholinephosphotransferase (EC 2.7.8.2) were
also found in the mitochondria.

Since the mitochondria

did not contain monacylglycerol acyltransferase and 2-snlysophosphatidylcholine acyltransferase, the monoacylglycerol pathway may be restricted to the microsomes.
Further study of enzyme localization (Hulsmann and
Kurpershoek-Davidov, 1976) revealed that the enzymes
required for the sn-glvcerol 3-phosphate pathway were
situated on the outer membranes of the microsomes and
mitochondria, but that enzymes associated with the monoacylglycerol acylating system were located within the
microsomes.
itive.

In addition, the pathways were not compet

Physical separation of enzyme systems and there

fore substrates may prove to be a very valuable mechanism
whereby intracellular control of glycerolipid synthesis
is exercised.
Using everted sacs of rat intestinal mucosa,
Breckenridge and Kuksis (1975a) demonstrated that racemic
diacylglycerols, both 1,2- and 2,3-diacylglycerols, were
formed by the monoacylglycerol pathway and were intermed
iates in triacylglycerol synthesis.
for 1,2-diacylglycerols was observed.

A slight preference
They also discovered

that 10-45# of the 1,2-diacylglycerols did not contain the
fatty acid originally present in the monoacylglycerols
indicating that the sn-glvcerol 3-phosphate pathway was
operational and supplying diacylglycerols for triacyl
glycerol synthesis.

These results contradict the findings

of Johnston g£ al. (1970) who found that in microsomes
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from hamster intestine, 1,2-diacylglycerols were formed
almost exclusively from 2-monoacylglycerols, Isolated
rat liver microsomes also showed a preference for 1,2diacylglycerol synthesis from 2-monoacylglycerols
(0'Doherty and Kuksis, 197^).

Furthermore, 0*Doherty and

Kuksis noted that monoacylglycerol inhibited the snglycerol 3“phosphate pathway.

The obvious differences

reported may be due to the type of intestinal preparation
used.
Using the everted sac system, Breckenridge and Kuksis
(1975b) showed that of triacylglycerols formed in the
everted rat intestinal sacs, a maximum of 90# arose from
the 2-monoacylglycerol pathway and a minimum of 20 -30#
from the sn-glvcerol 3-phosphate pathway.

Selected use of

diacylglycerol species was also demonstrated. The most
unsaturated diacylglycerols from the 2-monoacylglycerol
pathway and the most saturated diacylglycerols from the
sn-glvcerol 3-phosphate pathway were chosen for triacyl
glycerol synthesis by this intestinal tissue.

Selection

of diacylglycerols by intestine was also noted by
Kanoh (1970).
In a study with rats, corn oil of known fatty acid
distribution was fed (Breckenridge

al.,

1976),

It was

found that both 1,2- and 2,3-diacylglycerols were formed,
but that 2,3-diacylglycerols were derived from exogenous
sources (corn oil) while 1,2-diacylglycerols were of mixed
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origin from both endogenous and exogenous sources.

The

results of this study confirm those of the everted sac
system in that reacylation of 2-monoacylglycerols occurred
via both 1,2- and 2,3-diacylglycerols.
The membrane-bound enzymes of the dihydroxyacetone
phosphate pathway (Figure 2) are found in all mammalian
tissues.

Acyl-CoA8 dihydroxyacetone phosphate pathway

(Figure 2) are found in all mammalian tissues.

Acyl-CoA*

dihydroxyacetone phosphate acyltransferase (EC 2.3.1.42)
is located in both microsomal and outer-mitochondrial
membranes (LaBelle and Hajra, 1972? Jones and Hajra, 1976).
In the rabbit harderian gland, which is known to synthesize
a great quantity of alkylglycerolipid by the dihydroxy
acetone phosphate pathway, Rock et al, (1977) found that
mitochondrial acyl-CoAi dihydroxyacetone phosphate acyl
transferase differed from its microsomal counterpart.

The

microsomal enzyme was also distinct from acyl-CoA* snglycerol 3-phosphate acyltransferase. Rock e£ al. (1977)
suggested that the enzymes of the dihydroxyacetone phos
phate pathway may be located within the cisternae of the
endoplasmic reticulum in the harderian gland. The pathway
was not competitively inhibited by sn-glvcerol 3-phosphate.
Schlossman and Bell (1976) reported that in isolated
fat cells acylation of dihydroxyacetone phosphate and
glycerol 3~phosphate were dual catalytic functions of the
same enzyme and that both substrates were competitive
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inhibitors of the pathways.

In experiments with guinea

pig liver mitochondria, Jones and Hajra (1976) discovered
that acyl-CoAi dihydroxyacetone phosphate acyltransferase
was specific for long-chain acyl-CoA's, but had no acylCoA* sn-glvcerol 3 -phosphate acyltransferase acitivity.
These conflicting results indicate that the organization
and importance of the competing pathways may be dependent
upon subcellular compartmentation and tissue function.
The relative importance of the two pathways in tri
acylglycerol synthesis is still unknown.

According to

Hajra (1977)s the enzyme activities associated with the
sn-glvcerol 3 -phosphate pathway are sufficient to account
for glycerolipid synthesis in most tissues.

Labeling

studies with various radioactive substrates demonstrated
that in rat brain, ether lipids were formed only by the
dihydroxyacetone phosphate pathway, but that a significant
amount of diacylglycerol could be derived from the latter
pathway as well.
Fallon eJt si. (1977) believe that phosphatidate phosphohydrolase is instrumental in the regulation of glycero
lipid biosynthesis.

In vitro liver microsomal studies by

Lamb and Fallon (197*0 showed that the reaction rate of
phosphatidate phosphohydrolase was the lowest in the
overall synthetic pathway.

In rats fed a high fructose

diet, liver triacylglycerol concentration increased concommitantly with increased phosphatidate phosphohydrolase

activity.

The incorporation of &i3-l4 0j -sn-glvcerol 3 “

phosphate into glycerolipids of liver microsomal prepara
tions resulted in a rapid accumulation in phosphatidate
and a slower increase in diacylglycerol and triacylglycerol
radioactivity (Fallon g± a l . , 1975).

The accumulation of

radioactivity in phosphatidate was not observed in studies
with intact animals or perfused rat liver* label was
rapidly incorporated into triacylglycerols and phospho
lipids.

As has been observed previously, the compart-

mentation and supply of substrates, cofactors, and enzymes
may be disrupted in in vitro preparations.
Although the majority of experiments concerning the
sn-glvcerol 3 -phosphate pathway have been done with cellfree liver preparations or intact animals, the concentra
tion of triacylglycerols is highest in adipose tissues,
Triacylglycerols are stored in the fat cell cytosol as
large droplets unbounded by membranes.

It is proposed

that the enzymes responsible for triacylglycerol synthesis
are located on the surface of the endoplasmic reticulum
and the products are secreted into the cytosol (Rock si a l . »
1977i Schlossman and Bell, 1976).
Of the known synthetic pathways, the sn-glvcerol 3 phosphate pathway appears to be the major route of biosyn
thesis in adipose tissue (Stokes at al.» 1975* Schlossman
and Bell, 1976).

The contribution of the dihydroxyacetone

phosphate pathway in triacylglycerol synthesis is small,
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but the 2 -monoacylglycerol pathway does not function in
adipose tissue (Schlossman and Bell, 19 76 ).
Studying triacylglycerol synthesis in adipose tissues
of the mouse, pig, rat, and chicken and in pig liver,
Stokes e£ al. (1975) found that triacylglycerol synthesis
by microsomal-cytosol preparations was consistent with
known fatty acid distributions in the various tissue tri
acylglycerols.

In exception to the general pattern of tri

acylglycerol fatty acid distribution, fats from pig, wild
boar, peccary (Mattson ai al* * 1964), and human milk
(Breckenridge

al., 1 9 6 9 ) contained an overwhelming

proportion of palmitate at position 2.

All pig tissue

except pig liver synthesized unusual triacylglycerols.
Structural analyses of glycerophospholipids from pig
kidney, adipose, and liver showed that the usual placement
of unsaturated fatty acids at position 2 prevailed.
If triacylglycer0 Is and phospholipids are generated
from the same pathway, how can such differences in position
2 fatty acid content be explained?

Stokes and Tove (1975)

prepared an inactive microsomal-cytosol extract from pig
adipose* that is, the preparation was inactive in that it
could not synthesize triacylglycerols. When this extract
was added to active microsomal-cytosol preparations from
rat, mouse, or chicken adipose, increased amounts of palm
itate were found at position 2 in the newly-synthesized
triacylglycerols.

Stokes and Tove proposed that a

specifier factor was responsible for the alteration in
fatty acid distribution in pig triacylglycerols, and that
this factor was distinct from the enzyme since the prepar
ation altered fatty acid distributions in other systems
although it was incapable itself of triacylglycerol synthe
sis.

Serial extraction by phosphate buffer removed the

specifier factor, but activity was restored by adding
back the extract.
Thus it appears that for xhe sn-glvcerol 3-phosphate
pathway, substrate specificities are responsible for fatty
acid distributions and that alterations in the general
pattern of distribution may be indicative of the presence
of certain specifier factors which override the specifici
ties of the acyltransferases.
The mammalian enzyme systems responsible for triacyl
glycerol synthesis have received considerable attention,
but study of these enzymatic processes in insects has only
recently begun.

Municio si

sJu»

(1977) isolated an insect

fatty acid synthetase from 6-day-old Ceratitis canitata
larvae, The enzyme complex, purified 182-fold with respect
to the protein contained in the crude extract, had a molec
ular weight of 5.2 x 10^ and was highly asymmetric. The
typical mammalian fatty acid synthetase has a similar
molecular weight and is asymmetric also (Bloch and Vance,
1977).

Medium chain fatty acids (IOiO to 14iO) were syn

thesized in greater quantity by the insect enzyme than by
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the mammalian system, but shorter fatty acids (10*0),
some of which are toxic in insects (Gilbert, 1967 ), were
not detected.

The complex described by Municio e£ al.

(1977 ) had two equal molecular weight polypeptides with
one phosphopantetheine residue per subunit similar to the
complex reported for some mammalian sources.

The products

were released as free fatty acids.
The enzymes involved in esterification of fatty acids
with glycerol have been studied in the locust, Locusta
migratoria. by Tietz (1969 ).

In the locust, the enzymes

required for the glycerol 3“Phosphate pathway were present
in the insect fat body.

Tietz §i al, (1975) reported the

presence of a monoacylglycerol pathway in which 2-acvl-snglycerol is specifically esterified to form 1.2-diacvl-snglycerol in the fat body.

Both 1-acyl and 2-alkvl-sn-

glycerol were poor substrates.

The authors speculated

that this pathway may function to provide 1.2-diacvl-snglycerols for transport to other tissues via the hemolymph.
In most insects, only trace amounts of 1,3“diacylglycerols
and triacylglycerols are found in the hemolymph (Gilbert
and Chino, 197*0.

The implication then is that at least

three diacylglycerol pools exist in the fat body* namely,
diacylglycerol intermediates of the glycerol 3-phosphate
pathway, diacylglycerols from lipolytic attack on triacyl
glycerols, and those synthesized for transport by the mono
acylglycerol pathway.

The fatty acid distribution in triacylglycerols was
reported by Brockerhoff (1971) from yellow mealworm, which
are larvae of the beetle Tenebrio molitor. His results
indicated that unsaturated fatty acids were concentrated at
position 2 and that the positional arrangement was nonrandom.

Municio

SlL-

(1975) incubated larval homogenates

of Ceratitis gaaitata with various labeled fatty acids and
found that palmitic acid was incorporated preferentially
into positions 1 and 3.

Acyltransferase activity, as

reflected in radioisotope incorporation, was much greater
for larval homogenates than for adult preparations; the
latter incorporated only minute quantities of fatty acids
into positions 1 and 3,

The above evidence indicates that

insect triacylglycerols are probably asymmetric.

No

studies, however, have been reported for lepidopteran
triacylglycerols.
The lipid content and fatty acid distribution in
various lipid fractions in insects differ greatly from
species to species and from one stage of development to
the next as evidenced by the information compiled by
Gilbert (19&7) and Fast (1970).

Likewise, the influence

of dietary lipid is also variable.

Turunen (1973. 197*0

studied the lepidopteran Eifiglfl brassicae (white cabbage
butterfly) extensively,

£, brassicae larvae fed artificial

diets were compared to larvae reared on natural diets.
found that the availability of dietary fatty acids did

He
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greatly influence the distribution of those fatty acids in
insect lipids.

Serai-synthetic diets, which are typically

low in linolenate as compared to natural food sources,
resulted in exaggerated quantities of oleic acid in £,
brassicae. High dietary linoleic acid appeared to block
incorporation of linolenate in this insect.

Insects

feeding on artificial diets contained greater amounts of
palmitoleate which perhaps compensated for polyunsaturated
fatty acid deficiencies.

In £. brassicae. the requirement

for linoleate may be regulated at the intestinal wall
(Turunen, 1974),

This effect has been noted also in the

saturniid silkmoth, Hsalaphflja £££XLfi£i&, by Stephen and
Gilbert (1969 ).

Dietary influence has also been reported

for the fatty acid composition of larval and adult phospho
lipids in the dried fruit moth,

edmandsae

serratilineela (Miller and Blankenship, 1973).
It is fairly well accepted that insects can not synthe
size polyunsaturated fatty acids (Turunen, 1974).

Defici

ency of linoleate in Lepidoptera results in malformed wings
in the adult.

Some species may require only one or both

linoleate and linolenate (Past, 1970 ),

Arachidonate is

probably not a dietary requirement (House, 1973),

In

lepidopterans, ingestion of food ends with pupal formation
and adults usually feed only on sugary substrates from
plants.

There is evidence that selective retention of poly

unsaturated fatty acids occurs and that these fatty acids
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are preferentially sequestered in phospholipids (Fast,
1970i Gilbert, 1 9 67 ).
Sexual dimorphism in lipid metabolism has been noted
in numerous insect species (reviewed by Gilbert, 19671
Fast, 1970).

In most insects, females are characterized

by a higher lipid content than males which is related
perhaps to requirements for lipid in egg production.
Lepidoptera deviate from this pattern in that males have
a greater supply of lipid than females.

Lepidopteran

males are fast and long-distance flyers during mating
activities and lipid is known to be the principal flight
fuel.

A difference in lipid utilization during pupal-

adult ecdysis may also be a factor in that males appear
to spare lipid at the expense of non-lipid substrates.
Insect lipid metabolism and storage are among the
prime functions of the insect fat body, an organ which
occupies the major portion of the body cavity in all
developmental stages (Karnavar and Nayar, 1973).

Fat body

has been compared to mammalian liver in its central role
in fat, carbohydrate, and protein synthesis.

Numerous

experiments with radioactively labeled precursors, such as
amino acids, acetate, and glucose, demonstrated that fat
body synthesized fatty acids <|§. novo and that palmitic acid
was the principal product, The amounts of triacylglycerols
and diacylglycerols synthesized by the fat body vary
depending upon the stage of insect development.

Palmitate
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esterification in triacylglycerols in Hvalonhora cecrooia
was shown to occur in the endoplasmic reticulum with
subsequent transport to lipid globules for storage
(Bhakthan and

g

ilbert, 1970).

In general, the insect fat

body is the organ in which lipid is synthesized and stored
until it is mobilized and transported to other tissues
for utilization.
Dietary lipid, absorbed in the insect gut, is trans
ported via the hemolymph to the fat body.

Little inform

ation is available on lipid absorption in Lepidoptera,

In

the cockroach, EeriBlaneta americana (L.) and the locust,
Locusta migratoria. triacylglycerols were hydrolyzed by
lipases in the intestine (Bollade and Boucrot, 1973?
Weintraub and Tietz, 1973).

The insect digestive lipases

were similar to those of mammals (Gilbert, 1967).

Triacyl-

glycerol hydrolysis products were incorporated into phospho
lipids and neutral lipids of the gut wall.

Turunen (1975)

fed 5th instar Pieris brassicae larvae £l-^c]-triolein
and
in the gut.

-oleic acid and studied absorption of lipids
Triolein was hydrolyzed to fatty acids,

diacylglycerols, and monoacylglycerols, Diacylglycerols,
most rapidly absorbed into the hemolymph, were transported
to the fat body for conversion to and storage as triacyl
glycerols,

Phospholipids were synthesized in the gut lumen,

but little was absorbed? most of the phospholipid was
excreted.
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Similar studies with another lepidopteran, Diatraea
gEantiiasallia Dyar, the corn borer, indicated that the
midgut cells were involved in absorption (Turunen and
Chippendale, 1977)•

In these two lepidopteran species,

namely Elgxis brassicae and Dlatrsaea grandiose11a. fatty
acids and diacylglycerols derived from the dietary lipids
were probably absorbed by the midgut cells and incorpor
ated into midgut phospholipids and triacylglycerols.
Phospholipid intermediates formed during digestion and
absorption may be dephosphorylated with subsequent release
of diacylglycerols into the hemolymph.
The hemolymph which bathes the fat body and all other
tissues and organs functions in transport of nutrient
substrates and metabolic wastes.

In times of metabolic

need, lipid is endergonically released into hemolymph from
the fat body as diacylglycerol. Diacylglycerol release
from fat body and transport in hemolymph is dependent upon
the presence of "lipoprotein I" which is a high density
lipoprotein (Gilbert and Chino, 197*0.

Lipid mobilization

in insect fat body is controlled by adipokinetic hormone,
a peptide of low molecular weight (Holwerda, 1974), which
is released during flight (Rademakers

§£ al.»

the corpus cardiacum (Beenakkers, 1969 ).

1976) from

Cyclic AMP* may

function as a second messenger because dibutyryl cyclic AMP

*Cyclic AMPi adenosine-31,5'-monophosphate
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mimics adipokinetic hormone activity (Spencer and Candy,
1976t Gade and Holwerda, 1976).
Utilization of lipid requires lipolytic activity not
only in fat body and hemolymph, but in target tissues as
well.

Esterases acting on short chain fatty acids in

insects is well documented (reviewed by Gilbert, 1967 ), but
the role and occurence of extra-digestive lipases is not
understood.

Chang (1977) used P^c]-tripalmitin to detect

lipase activity in the fat body, hemolyraph, and flight
muscle of the oleander hawkmoth, Peilejphila nerii. The
dominant lipase present in these tissues was similar to
mammalian lipoprotein lipase in that inhibition at high
NaCl concentrations was observed.

Plight muscle lipase

had the highest specific activity.
In most flying insects, lipid is the primary flight
fuel.

Palmitate and oleate are the major fatty acids

oxidized during flight in both the orthopteran Locusta
migratiaria (Beenakkers, 1965 ) and Pieris brassicae
(Turunen, 197*0.

Unsaturated C^g fatty acids are more

abundant in flight muscle than fat body, because of the
greater amount of phospholipid required by muscle membrane
structures (Past, 1970),

Cardiolipin, a major phospho

lipid of flight muscle sarcosomes, is synthesized in
Hvalonhora cecropia adult muscle and is characterized by
a high linolenate content (Thomas and Gilbert, 1967 ).

In

Lepidoptera, the lipid metabolism of adults is principally
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concerned with neutral lipid synthesis, a requisite for
utilization of lipid as energy for flight (Turunen, 1974).
Lipase of flight muscle (&. migratoria) is five times
more active in hydrolyzing diacylglyceroIs than triacyl
glycerols.

In the fall armyworm (moth), Soodoptera

frugjperda (J. E. Smith), a resting turnover time of 6 hr.
was observed for diacylglycerols.

During flight, the

turnover time was reduced to 1 hr. and was calculated to
be sufficient to account for provision of energy require
ments of flight.

When these moths were flown to exhaustion,

the radioactivity of the labeled triacylglycerol and
diacylglycerol fractions declined, but total lipid content
was not lowered indicating that flight stimulated c[e novo
synthesis of lipid as well as utilization (VanHandel and
Nayer, 1972).
In some insects, such as L. migratoria. carbohydrate
is the predominant energy source for the first 2 0 -3 0 rnin.
of flight (Jutsum and Goldsworthy, 1976).

As adipokinetic

hormone is released from the corpus cardiacum, lipid is
rapidly mobilized from fat body storage to the flight
muscle.

Candy

al. (1976) have shown that in the locust,

Schistocerca gregaria. glycerol produced by hydrolysis of
diacylglycerols during flight is transported back to the
fat body for reuse in lipid synthesis.
Plight muscle mitochondria of the moth, tobacco hornworm, Manduca sexta (Linnaeus), rapidly oxidized pyruvate

and palmitoyl-L-carnitine in the presence of malate.
Palmitoyl-L-carnitine oxidation was inhibited by pyruvate
oxidation.

The oxidation of palmitate was carnitine-

dependent resembling the behavior observed in most mammal
ian mitochondria.

The catabolism of acetyl-CoA by the

citric acid cycle was the limiting factor in the oxidation
of both substrates.

The experimental results indicated

that isocitrate dehydrogenase is the focal point of control.
As thoracic malate concentrations increased in the trans
ition from rest to flight, a decrease in citrate, iso
citrate, and NAD* was observed (Hansford and Johnson, 1976).
Although pyruvate was oxidized, moths and butterflies are
believed to use lipid exclusively during flight by
0-oxidation of fatty acid substrates.
In the female insect, the fat body furnishes fatty
acids, probably initially as diacylglycerols, which are
transported in the hemolymph to the maturing oocytes
(Gilbert, 196?» Turunen, 197*0.

Fatty acid composition of

the egg is often similar to that of the fat body.

That

triacylglycerols accumulate in oocytes during vitellogenesis is well-documented (Wiemerslage, 1976* Nath £& al..
1958* Gilbert, 19 67 ).
in the egg.

Droplets of lipid gradually form

In droplet formation, triacylglycerols are

added to phospholipid and protein precursors which are
already present.

A pronounced increase in ovarian diacyl

glycerols is found immediately prior to a rapid increase

kz
in total lipid content of the oocytes and it is likely that
the physiological control of this lipid metabolism is at
least in part due to hormonal control by juvenile hormone
(Steele, 1976).
Chino ei al, (1977) isolated two diacylglycerolcarrying glycolipoproteins (LP-I) from mature eggs and
hemolymph of the silkworm, Philosamia cvnthia. which were
identical in all properties except for lipid content.
egg LP-I contained only

3,6%

The

of the amount of diacyl

glycerols in the hemolymph LP-I.

The phospholipid and

cholesterol components of egg LP-I were also reduced as
compared to hemolymph LP-I,

It was suggested that LP-I

is a true carrier-protein which transports diacylglycerols
from fat body to the ovaries, and that LP-I is therefore
the primary lipid source for vitellogenesis.

A second

lipoprotein, vitellogenin (LP-II), is thought to be the
primary source of protein.
In terrestrial insects, the primary energy source for
embryogenesis is triacylglycerols (Fast, 1970* Gilbert,
1967 ).

The beginning of insect embryogenesis is accom

panied by a respiratory quotient (RQ) of approximately 1
/

which is indicative of carbohydrate utilization within the
egg.

Shortly thereafter, a decline in RQ signals the use

of lipid as the energy source (Agrell and Lundquist, 1973).
Only one exception, gejig.bgj.Q mo litor. has been shown to
utilize glycogen throughout embryogenesis
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(Ludwig and Ramazzotto, 1965).

In the development of

lepidopterans, more than 50# of stored egg lipid is
utilized? triacylglycerol content decreases as phospholipid
requirements increase due to formation of membranes in the
embryo (Kinsella, 1966).

Lipases which hydrolyze triacyl

glycerols in eggs of the western corn rootworm, Diabrotica
virgifera LeConte, a coleopteran, were active at -20°C for
2 weeks (Guss, 1 9 6 9 ).

Lipases were also found to remain

active in the larval tissue of the dipteran flesh fly,
Sarcophaga bullata. after storage at -20°C for 2 weeks
(Cabot, 1972).

During cold storage, triacylglycerol

content of both egg and larval tissues decreased as the
amounts of fatty acid and monoacylglyeerol products
increased.

Various studies have shown that fatty acid

composition of total lipids remained the same throughout
embryogenesis indicating that no selective utilization
of any particular fatty acids occurred (Hoppe

al.,

1975> Past, 1970).
It is evident from the discussion above that most
insects utilize lipids, some of them exclusively, for
energy production throughout all developmental stages.
Little examination of such biochemical processes at the
molecular level have been reported.

Interpretations of

findings about insect lipid biochemistry are often
extrapolated from knowledge of higher organisms, principally
mammals.

The enzymatic and control processes involved in

44
insect metabolism are of increasing interest to investi
gators.

The variations in insect lipid metabolism inferred

from the wealth of analytical data found in the scientific
literature may provide

new insights into the potential

roles of individual lipids in all organisms.

i

MATERIALS AND METHODS

Chemicals and standards.
All solvents used for lipid extraction, chromatography,
and other procedures were reagent grade or better and were
used without further purification.
boiling range was 35°-60°C.

The petroleum ether

Lipid standards for chromato

graphic methods were from Applied Science Laboratories
(State College, Pa.), Supelco, Inc. (Bellefonte, Pa,), The
Hormel Institute (Austin, Minn.), and Serdary Research
Laboratories (London, Ontario, Canada).

These standards

are described below as their use is indicated.
Phospholipase Ag (EC.3.1.1.4) from Ophiophagus
hannah (king cobra venom) and pancreatic lipase (glycerol
ester hydrolase, EC.3 ,1,1.3) from hog pancreas were
purchased from Sigma Chemical Company (St. Louis, Mo.).
Phenyldichlorophosphate and 2.6-di-tert-butvl-p-cresol
(BHT) were obtained from Aldrich Chemical Company, Inc.
(Milwaukee, Wis,).
Silica gel G for thin-layer chromatography (TLC) was
purchased from Brinkman Instruments, Inc. (Westerbury,
N. Y.), Supelco, Inc., and Applied Science Laboratories.
TLC spray indicators used were 2*,7*-dichlorofluorescein
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(Sigma Chemical Company) and rhodamine 6 G (Allied Chemical,
New York, N. Y.)
For methylation of fatty acids, 14# (w/v) boron tri
fluoride in methanol was purchased from either Supelco, Inc.
or Applied Science Laboratories.

The column packings

required for gas chromatography (GC) were obtained ready
for use from the supplier* 10# Silar-lOC on 100/120 mesh
Gas-Chrom Q from Applied Science Laboratories and 10#
DEGS-PS on 80/100 mesh Supelcoport from Supelco, Inc.
Compressed air, nitrogen (carrier), and hydrogen gases
obtained from Plant Stores (Louisiana State University)
were not specifically of chromatographic quality.

With

two exceptions in which nitrogen carrier was contaminated,
baseline noise levels were insignificant.
All other chemicals used were of reagent grade quality.
Glassware was routinely soaked in dichromate-sulfuric acid
after it was discovered that fritted funnels and TLC plates
required such treatment.

Fritted funnels were washed

excessively to remove all dichromate.

The final wash water

was tested with pH paper to confirm neutrality.

Experimental design.
Insects were reared to the desired developmental stage,
then dissected to obtain selected tissues or bred to produce
eggs. Total lipid extracted from these tissues and eggs
were analyzed as indicated in the flow diagram in Figure 6 .

U7
Ultimately, all lipid analyses required transesterification-methylation of lipid fractions with subsequent GC of
fatty acid methyl esters.

The total lipid and glycerol-

related lipids of male and female fat body, male and female
flight muscle, testes, and eggs were studied.

Not all

lipid fractions were expected to be found in every tissue.
Insect diet and fecal total lipids were determined on a
weight basis as well as characterized by fatty acid content.
Only female pupal fat body lipid was analyzed by the
silicic acid chromatography "pathway" culminating in the
structural study of the energy storage compounds, triacyl
glycerols, via stereospecific analysis as shown in
Figure 7.

Insect reading procedures .

The stock colony of Heliothis virescens was housed in
the insect-rearing facilities of the Department of Entomol
ogy, Louisiana State University, Baton Rouge, Louisiana.
Ten mating pairs each were placed in one-gallon ice cream
cartons which served as the oviposition cages.

The center

of each carton lid was cut out leaving a rim which was
fitted over a double thickness of cheesecloth covering the
carton.

A layer of vermiculite about an inch thick on the

bottom of each cage was moistened to maintain a high humid
ity within the chamber.

Insects were reared at room temp

erature, approximately 27°C, under daylight and artificial
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light.

A solution of dextrose in water (approximately

5%)

was placed in a small jar equipped with a paper wick for
ad liM-dam feeding.
Females deposited eggs on the cheesecloth lids.
were changed daily.
plastic bags.
securely.

Cloths

Cloths with eggs were placed in

The latter were blown full with air and tied

After 2-3 days, the eggs hatched and larvae were

visible on the cheesecloth.

Larvae were inspected for

damage under a magnifying glass.

A size 00 camel hair

brush was used to transfer larvae to artificial medium
(Burton, 1969) in 2 oz clear plastic cream cups capped
with cardboard lids.
Table III,

The diet composition is shown in

Larvae of the genus Heliothis become cannibal

istic in the third instar and must be grown individually.
Groups of 600-800 newly hatched larvae in diet cups were
transferred to incubators in the Department of Biochemistry,
Louisiana State University, Baton Rouge, Louisiana.

These

incubators with glass doors were maintained at 28°t 2°C
and received a normal day-night light pattern from light
entering the laboratory and incubator windows.
The Heliothis virescens life cycle under this regime
is 4-5 weeks.

Insects develop through 5“ 6 larval instars

and pupate in 12-18 days.

Adults emerge in 3£-4 weeks and

live and breed for ?-10 days.

Fourth, fifth, and sixth

instar larvae are voracious eaters.
accumulates within the diet cup.

Fecal material rapidly

One or two days before
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pupation, the larvae burrow into the medium and spin a
rudimentary web over the top of the burrow usually leaving
a "window".

As pupation time approached, insects were

inspected daily for formation of new pupae.

Those cups

without the "window" were opened and carefully probed with
a spatula to assess development.

All containers showing

evidence of mold, bacterial infection, malformed or dead
insects were discarded without opening to prevent contamin
ation of other insects.

Most larvae within one group

pupated within a span of

J-k

days.

Early and late pupae

were discarded.
Groups used for pupal lipid analysis were sorted each
day in early afternoon.

New pupae were removed from the

diet cups and sexed determined under a dissecting micro
scope as illustrated in Figure 8 (Mosher, 1968).

Pupae

incapable of moving their abdominal segments in response
to touch were judged nonviable and were discarded.

Abnor

mal cuticular tanning and faulty cuticle formation were
also considered undesirable, and such were discarded also.
With the exception of one series of experiments, fat body
analyses were confined to female pupae.

Pupae chosen for

dissection were kept in an open Petri dish in the incuba
tors until 3 days old.
Numerous adult insects were required for tissue anal
ysis and mating.

Pupae were handled and sex determined as

described above.

Males and females to be used in
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dissection were placed in separate aquaria prior to adult
ecdysis.

Each aquarium was covered with cheesecloth held

on with elastic bands.

A layer of vermiculite 1-2 inches

deep was spread on the bottom and moistened frequently to
insure high humidity.

Pupae in low cardboard dishes were

placed on the vermiculite.
Most adults emerged during the night,

Heliothis

virescens in all stages were most active physically and*
presumably therefore* metabolically from 10 P.M. until
dawn.

Flight, mating, and egg laying occurred primarily

during this time period,

One-day-old adults selected for

dissection were removed from the aquaria each night at
midnight

t

1 hr and dissected shortly thereafter.

Newly

emerged adults unable to fly or hang onto the cheesecloth
were included in the next day's group.
formed wings were discarded.

Adults with mal

Water was provided &<I libidum.

Mating of moths for egg production was similarly
carried out in aquaria except that female and male pupae
were mixed in a ratio of 2s1, respectively.

When moths

began to emerge, the cheesecloths were changed daily.

In

the first series of experiments with eggs, cheesecloths and
eggs were frozen immediately in sealed plastic bags at
-10° to -20°C.

In a second group of experiments, eggs were

removed from the cloths and extracted for lipids as rapidly
as possible.

Once laid, eggs remained at room temperature

for a maximum of 12 hr since cloths were collected and

51

processed early each morning.

Mating moths received

dextrose solution from jars provided with wicks.

is g -la -ti m

e £ X d r s ssSl e u e s ! £ a t Jaody.

Female or male 3-day-old pupae were immobilized for
2-3 min in insect saline containing 0.15 M NaCI, 0,0033 M
CaCl2, and 0.005 M KC1 adjusted to pH 6.5 (Sin, 1973).
Each pupa was secured with insect pins in a dissecting
dish under a dissecting microscope.

A mid-dorsal longitud

inal incision through the cuticle was made with a scalpel.
The cuticle was folded back and pinned to the dish exposing
the thoracic and abdominal cavities.

The tissues were

flooded with insect saline to wash away contaminating
hemolymph.

Fat body (visually similar to lime sherbert)

filled the body cavity and extended into the thorax and
head.

The centrally located gut was pink and clearly dis

cernible from fat body.

Fat body was removed with a

Pasteur pipet and bulb and released directly into ice cold
chloroform « methanol t water (Is2 *0 .8 ) for extraction of
lipids (Bligh and Dyer, 1959).

Occasionally, the gut

ruptured during dissection contaminating the fat body with
red digestive fluid.

Such pupae were discarded.

In male

pupae, the testes, which were distinctly round and yellow,
were removed initially and were not included in fat body
extracts.

Immature ovaries in the females were not vis

ually apparent and thus were included with the fat body.
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All fat body tissue probably contained a small amount of
tracheae and tracheoles.

C&llectian

of

f.U gfot muscle a M testes from adult moths.

One-day-old adult moths were dissected at midnight t
1 hr.

Aquaria were emptied of adults each night except

for those not yet able to fly.
in the next day's group.

The latter were included

Deformed moths were destroyed.

Individuals were immobilized for 15-20 sec in carbon
dioxide generated from dry ice.

Anesthetized insects were

quickly secured ventral side up in a dissecting dish.
legs, wings, and head were removed.

The

Hair and scales were

vacuumed from the thorax and abdomen by water aspiration
through a Pasteur pipet.

The body was pinned to the dish

between the middle and hind legs.

The thoracic muscle

bundle was pulled forward to partially remove it from the
remainder of the body.

Glandular and tracheal tissue

visible under the microscope were removed.

The muscle

tissue (hereafter referred to as flight muscle) also
contained some leg muscle (indirect flight muscle) as well.
Muscle was crushed or chopped, washed in cold insect saline,
blotted on paper, and dropped into chloroform
water (1*2*0.8) for extraction of lipids.

t

methanol *

Male and female

flight muscles were extracted separately by the above
procedure.
The flight muscle contained three possible
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contaminantsi cuticle, tracheae, and fat body.

The cuticle

lipids generally include hydrocarbons, sterols, sterol
esters, and waxes which are not important to this study,
Triacylglycerols and fatty acidshave also been found in
cuticle from insects (Downer and Matthews, 1976),

Although

contribution of cuticle to muscle lipid fractions of inter
est was predicted as negligible, pupal cuticle was analyzed
as will be described later,
Tracheae surrounding the flight muscles branch exten
sively and open into smaller tracheoles,

Tracheoles are

thought to penetrate into cells (such as single muscle
fibers) and thereby bring oxygen to the mitochondria
(Prosser, 1973).

Muscle bundles were surrounded and perme

ated with fat body.

It was impossible to remove all fat

body or to remove it uniformly from one insect to the next.
No attempt to do so was made, therefore, the rationale being
that the fat body in close association may be of prime
importance as an immediate energy source to the functioning
muscle.
Testes were excised from one-day-old males.

After

removal of flight muscle, the abdomen was opened by ventral
midline incision with surgical scissors and the cuticle was
pinned back.

The testes (one visible organ per male)

appeared as a round, yellow body dorsally located in the
abdominal cavity.

Tubules and fat body attached to the

testes were easily and cleanly removed.

The testes were

stored in the chloroform

t

methanol » water (lt2 »0 .8 ) until

enough tissue was collected for extraction of lipids.
Attempts were made to isolate immature eggs and ovaries
from one-day-old female adults.

The female body cavity was

literally filled with immature eggs, but the latter were so
interspersed with fat body globules that complete separation
was deemed improbable.

Preparation gf pupal ejcgvjs^g.
The examination of cuticle lipids was necessary
because of the cuticle contamination of the collected muscle
tissue.

It was not possible to obtain for analysis enough

adult cuticle which was free of other tissues.

Pupal

cast-offs were easily collected after ecdysis.

Although

cuticle composition is not always constant throughout
various moults (Downer and Matthews, 1976), the use of pupal
exuviae provided an alternative analysis which could indi
cate the insect*s ability to incorporate triacylglycerols
and fatty acids into the integument.
Pupal cast-offs were collected after adult ecdysis.
The old cuticles were flushed extensively with water to wash
away scales, moult fluid, vermiculite, and other debris.
The exuviae were crushed or cut into fine pieces for weighing.
Crushed cuticle was stored in chloroform i methanol i water
(l«2t0,8) at -20°C until extraction.
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Collection &£ eggs..
Secreted with the eggs as they are laid is a cement
which holds them to the cheesecloth.
the eggs intact is very difficult.
and bursts easily.

Therefore, removing
The chorion is brittle

Mature eggs are yellow and round and

barely visible without magnification.

The cement for

some insects is reportedly high in Ca

content

(Wigglesworth, 1972).

In the first series of experiments,

cheesecloths with eggs were soaked in 5# (ethylenedinitrilo)tetraacetic acid disodium salt solution for several
hrs.

The eggs did not burst or float free of the cloth,

but they were more easily removed by forceps.

Areas of

cloth heavily coated with eggs were cut out for extraction
directly on the cloth.

Removed eggs were stored at -20°C

until analysis.
The method of egg collection in the second series of
experiments was changed to that of Burton (1969).

Egg-

containing cloths removed from cages early each morning
were immediately soaked with occasional agitation in 0 .157#
sodium hypochlorite for 3~5 min.
to fresh water.

Cloths were transferred

The sodium hypochlorite solution contain

ing most of the eggs was filtered through Whatman #1 paper.
The fresh water rinse containing additional eggs was also
filtered.

Sodium thiosulfate (10#) was poured over the

eggs to neutralize the sodium hypochlorite.

After a final

water rinse, the lipids of the eggs were immediately
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extracted in chloroform i methanol i water (It2 i0 .8 ),

Preparation and collection

ol

f.gQ.es a M diet

extr^gtign.
Feces were removed from diet cups containing 5th and
6 th instar larvae.

Food consumption is greatest and agri

culturally most damaging during these larval instars.

The

size of the head was used to determine the instar because
body size and coloration are not reliable criteria for
estimation of larval stadia (Graves, personal communication,
1977).
Fecal material was obtained from both males and
females with no attempt to determine the sex of the larvae.
Only those cups in which spinning and burrowing had not yet
begun were used since these activities tend to mix feces
and undigested diet.

Fecal material was clearly discernible

from the diet and was collected without diet contamin
ation.
Pooled feces was divided into aliquots, some of which
were dried to a constant weight at 50°C in an oven.
Percent water content was calculated.
weighed for extraction of lipids.

Other portions were

Diet samples were

treated similarly to feces aliquots.

Diet aliquots were

weighed, dried, and reweighed to determine percent water.
Other aliquots were weighed and their lipids extracted.
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M & l liaid gjd;castion.
Total lipids were extracted from insect tissues, diet,
and feces by a modification of the Bligh and Dyer (1959)
procedure.
chloroform

Material to be extracted was placed in
%

methanol i water (Is2 i0 ,8 ) as described above

in tissue collection procedures.

The amount of extraction

medium was estimated such that not greater than 100 mg
total lipid occurred per 10 ml chloroform, 20 ml methanol,
and 8 ml water.
The extracting mixture was blended in a Sorvall Omni
mixer for 2 min.

Another 1 part chloroform was added

followed by 1 part water with blending after each addition.
The extract was filtered by gravity through lipid-free
Whatman #4 paper into a graduated cylinder.

The Sorvall

cup and the residue on the filter paper were rinsed with a
small amount of chloroform which was added to the extrac
tion medium.

The emulsion required overnight to separate.

The water layer was discarded and the chloroform with
lipids was evaporated under reduced pressure.

Total lipids

were transferred to tubes and stored at -20°C under nitro
gen or were used immediately for analysis.

When total

lipid weights were required, solvent-free lipid in a pre
weighed flask or tube was weighed before addition of
chloroform.
Fat body, testes, feces, and diet dissociated easily
in the blender.

Crushed exuviae were stored in the

58

initial extracting solution for several days before
blending.

Muscle tissue and eggs in the extraction

medium were ground by mortar and pestle prior to blending.

Cfliugm. ffihgoiqafeoggapto*
Total lipids were separated into neutral and phospho
lipid fractions by silicic acid column chromatography
(Stein and Slawson, 1966).

Glass columns (1.2 cm in

diameter x 40 cm in height) equipped with Teflon® stop
cocks, sintered discs to hold silicic acid columns, and
solvent reservoirs were connected to a nitrogen supply to
provide pressure during operation and to prevent oxidation
of lipids during chromatography.
A slurry of 100-200 mesh Bio-Sil® A (Bio-Rad
Laboratories, Richmond, Calif.) in chloroform was poured
into the glass column.
100 ml chloroform.

The silicic acid was washed with

Total lipid in approximately 1 ml

chloroform was added to the top of the column.

Neutral

lipids were eluted in 100 ml chloroform followed by
elution of phospholipids in 100 ml anhydrous methanol.

The

lipid load per column was 30 mg or less per g of silicic
acid (Christie, 1973).

The efficiency of column separation

was assessed by TLC of neutral lipid and phospholipid
samples on 0.25 mm silica gel G layers in hexane
ether i glacial acetic acid (80s20* 1).
separation was complete.

t

diethyl

In all cases,
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The neutral and phospholipid fractions thus obtained
were evaporated under reduced pressure to dryness and
redissolved in a few ml of chloroform.

The concentrated

lipid solutions were filtered in a syringe apparatus fitted
with a Millipori^ filter pad to remove contaminating
silicic acid.

The lipid fractions were then freed of

solvent under nitrogen, and stored in chloroform under
nitrogen at -20°C,
Silicic acid columns could be reused for additional
lipid samples by washing the columns with 200 ml chloroform
after phospholipid elution to ready the silicic acid for
new samples.
Separation of neutral lipids from phospholipids in all
total lipid samples was not necessary.

Large quantities

of fat body lipids were initially resolved in this manner
prior to analysis of neutral lipid fatty acid methyl esters.
In later experiments, a pure neutral lipid fraction was
not required and total lipid was separated into its compo
nents directly on TLC.
Column chromatography utilizing 60-100 mesh Florisi
(E. H. Sargent & Co.) in a 15 ml fine porosity fritted
funnel was required in several experiments to remove
rhodamine 6 g and 2 *,7*-dichlorofluorescein from neutral
lipid samples (Christie, 1973).

Approximately 2 cm of

Florisil® was washed with chloroform in the funnel on a
filtrator.

Concentrated lipid in chloroform or on silica
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gel was placed onto the Florisil^and eluted with 50 ml
chloroform.

Both dye reagents and polar lipids were

selectively retained on the Florisil^.

Elution was also

successful with diethyl ether, but addition of any methanol
released the dye and polar lipids from the Florisil®.

Preparation &f fatty,ag_jd metfryj, esters.
The analyses of lipid fractions in these studies
required the identification and quantitation of fatty acid
substituents by gas chromatography.

Before the fatty acid

composition of a lipid is determined by gas chromatography,
it is usually necessary to prepare the comparatively vola
tile methyl ester derivatives of the fatty acid components.
Solvent-free lipid (25 mg or less) was transesterified
by 0 .5 M sodium methoxide (0 .3 ml) in anhydrous methanol
(Christie, 1973).

The reaction mixture contained in a 40 ml

screw-cap tube was flushed with nitrogen, capped tightly,
mixed, and heated in an oven at 100°C for 7 min.

The

reaction was cooled in an ice bath prior to the addition
of

12$

(w/v) boron trifluoride (0.4 ml) in methanol

(Morrison and Smith, 1964),

Again the tube was flushed

with nitrogen, capped tightly, mixed, and heated at 100°C
for 7 min.

To the cooled reaction, 5 ml water was added

followed by 5 ml petroleum ether.

The petroleum ether

layer containing the fatty acid methyl esters was trans
ferred to a second screw-capped tube.

The aqueous layer

6l

was extracted two additional times with 5 ml petroleum
ether.

The combined petroleum ether extracts were washed

three times with water and dried over anhydrous sodium
sulfate for a minimum of 1 hr.

The extract was filtered

into a conical flask, evaporated to dryness, and diluted
to the required concentration for GC,

Use of antioxidants.
The use of antioxidants in solvents and stored lipids
is a widely accepted practice to prevent auto-oxidation of
unsaturated fatty acids and particularly, polyunsaturated
fats.

BHT (2,6-di-tert-butvl-p-creso1) is the most

commonly used antioxidant (Christie, 1973).
BHT was added to solvents (50 mg/L) and extracts
before storage during the first few months of experiments.
The primary drawback to BHT is that in gas chromatography
of fatty acid methyl esters, it co-chromatographs with
methyl myristate,

Myristic acid is a minor component of

Heliothis virescens lipids (Wood e£ aj,., 1969). but efforts
to quantitate this fatty acid were made,

BHT can be

removed by two methods (Christie, 1973)* (1) an additional
TLC separation is performed before methylation or (2) dried
lipid extracts containing BHT are boiled under nitrogen
atmosphere prior to methylation.

The former alternative

was ruled out as a cumbersome and time-consuming step which
increased the opportunity for oxidation of lipids in TLC.
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Solvent-free lipids were heated at 100°C for 5 min in
methylation tubes under nitrogen atmosphere before begin
ning methylation reactions.

This procedure did not degrade

lipids because no changes in GC results could be attributed
to denaturation of lipids.

In spite of this step, small

amounts of BHT remained to interfere with determination of
methyl myristate.

Special GC methods were devised to mini

mize error and are discussed under Gas chromatography. In
later extraction procedures, BHT was not added to either
solvents or lipid extracts.
under nitrogen at -20°C,

Extracts were instead stored

The determination of myristate

was subsequently terminated and all fatty acids of less
than 1 mole $ were designated as trace.

Thin-layer chromatography.
Silica gel G (type 60, according to Stahl) which con
tains calcium sulfate binder was used in preparation of all
thin-layer plates.

Layers of 0.25 mm, 0.3mm, and 0.5 mm

thickness as required were made using a Brinkman Desaga
spreader.

Glass plates were soaked overnight in dichromate-

sulfuric acid to remove grease.

This step was particularly

important before spreading 0 ,5 mm layers which chipped and
flaked rapidly if the glass plates were not clean.

A

slurry of silica gel G in water (2*1, w/v) was used with
Brinkman silica gel, but 10-15$ additional water was needed
for silica gel supplied by Supelco, Inc. or Applied Science
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Laboratories,

Wet layers were air dried and then "washed"

in a developing tank with petroleum ether as solvent to
carry contaminants to the top edge.

Immediately before use,

thin-layer plates were activated for 3 0 -6 0 min at 110°C,
Boric acid-silica gel G plates were prepared in a
similar manner except that boric acid (5#» w/v) was dis
solved in the water added to form the slurry.
Neutral lipids from all extracts except diet and
feces were separated into subfractions by a developing
system of petroleum ether * diethyl ether
acid (80s20*l).

t

glacial acetic

TLC standards used to locate component

lipids were Mix C and Mix D purchased from Supelco, Inc,
Figure 9 illustrates separation of various tissue lipids
and standards in the developing system described above.
Other solvent systems were required for stereospecific
analysis procedures and will be discussed later in that
context.
Plates were removed from the developing tank and air
dried briefly.

The acetic acid in thin-layers developed

in systems containing glacial acetic acid were neutralized
by exposure in ammonia fumes for 15-20 sec.

Lipids were

visualized under ultra-violet light after spraying with
2',7*-dichlorofluorescein (0.1$ in 95# methanol).

Basic

developing systems (containing ammonia) were used in
stereospecific analysis procedures.

Rhodamine 6 G (0.01#

in water or 95# methanol) were used to spray these plates.

64

Both dyes are non-destructive, visible under ultra-violet
light, and soluble in polar solvents.
Plates required for permanent record were sprayed
with dichromate-sulfuric acid reagent (80 ml concentrated
sulfuric acid, 1 ,2 g potassium dichromate, 120 ml water)
and charred for 30 min at 180°C (Rouser et al,, 1963).

A

Polaroid Land Garner^ was used to photograph charred plates
for research records.
Lipid fractions desired for further analysis were
identified by comparison to authentic standards and scraped
from the thin-layer plate into fine fritted funnels.

Lipids

were then removed from the silica gel by elution with chlor
oform and methanol in the following regime* 15 ml methanol,
15 ml chloroform * methanol (1 «1 ), 15 ml chloroform »

methanol (2*1), and 15 ml chloroform, in that order.

This

procedure also eluted dye indicators which was not a
problem except during stereospecific analysis.
were evaporated under reduced pressure.

Solvents

Solvent-free lipid

was then available for further analysis.

Ga§. c t o matpgraph.Y.
Gas chromatography was employed to determine fatty
acid composition of all samples.

Two dual-column gas

chromatographs equipped with flame ionization detectors
(FID) were used during this study.

Methods were developed

with and initial data were obtained from a Perkin-Elmer
990 gas chromatograph linked to a Perkin-Elmer Recorder,
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Model 56, and an Infotronics Automatic Digital Integrator,
Model CRS-208,

The latter generated reliable retention

times for sample components, but area measurements were
reliable only when peak base was zero.

Since this rarely

occurred, only retention time data from the integrator
were used.
The second gas chromatograph was purchased in the fall
of 1976 and most of the final data were derived from this
instrument, a Hewlett-Packard 5840A with GC terminal
(microprocessor).
The two types of commercially prepared column packings
used were* (1) 10$ DEGS-PS (diethyleneglycol succinatephosphorylated) on 80/100 mesh Supelcoport and (2) 10$
Silar-lOC (75$ cyanopropyl-25$phenylsiloxane) on 100/120
mesh Gas-Chrom Q.

The initial Silar-lOC column was 10 ft

x 1/8 inch diameter.

Shorter columns 6 ® x 1/8*' were found

to perform adequately and both Silar-lOC and DEGS-PS were
then packed in 6 * x 1/ 8 ** stainless steel tubing.
The DEGS-PS column is one commonly used for determin
ation of fatty acid methyl esters,

Silar-lOC is similarly

polar and has the added advantage of being capable of dis
tinguishing between cis and trans geometric isomers known
to occur in some insect lipids (Dial, 1976).
is also more heat stable than DEGS-PS,

Silar-lOC

Both newly packed

columns were conditioned at 195°C overnight with nitrogen
carrier flow at 15 ml/min.

Column life ranged from 6 -1 2
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months dependent upon the amount of use.

During the course

of these analyses, three different Silar-lOC columns and
two DEGS-PS columns were used.

Retention times varied

slightly among columns of the same type and operating
conditions were altered accordingly.

Experimental results,

as tested by standards, varied little from new to old
columns.

Typical operating conditions are given in Figures

1 0 , 1 1 , 1 2 , 1 3 , 14, and 1 5 .

Individual fatty acid methyl esters were identified
by comparison of sample retention times to retention times
of known standard mixtures purchased from reliable suppliers
(Table IV).

In addition, log retention time-carbon number

plots (James, 1959) were prepared for the initial DEGS-PS
and Silar-lOC columns on the Perkin-Elmer 990 gas chromato
graph.

GC standards as listed were either purchased with

or prepared to contain methyl palmitate as the reference
fatty acid methyl ester for log retention time-carbon number
plot determination.

Retention time (RT) averages from

three GC analyses of each standard mixture were used to
calculate RT ratios in the following manneri
Corrected retention time = cor. RT
Cor, RT s= methyl ester RT - solvent RT

(1)

Ratiox = cor. RTX/ cor.

(2)

where x = unknown fatty acid methyl ester.
The ratio for those methyl esters eluting in GC before
methyl palmitate was less than 1 .0 0 0 ? for x = methyl
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palmitate, the ratio was 1 ,0 0 0 * for components eluting
in GC after methyl palmitate, the value was greater than
1.000.
The log of the ratio was plotted against carbon number,
ie, the total number of carbons in the aliphatic chain, for
each methyl ester present in the standard solutions.

A

separate line is generated for each homologous series of
compounds (Figures 16 and 17).

In a homologous series of

compounds with the same number of double bonds, the change
in log ratios is related directly and linearly to increase
in carbon number.
To identify an unknown component using the log RTcarbon number plots, (a) the log of ratio

(from Equation

2 ) of the unknown was calculated* (b) a log ratiox line

was drawn horizontally (see line A in Figure 16) to inter
sect all carbon number lines (see lines B and C in Figure
1 6 )* (c) intersection of the log ratio

line with a homo-

logous series line an a carbon number line (three lines
intersecting at one point) was interpreted as a possible
identification* (d) the unknown carbon chain length was
equal to the carbon number line value and the number of
double bonds was obtained from the homologous series line.
In the example in Figure 16, two three-line intersections
occur at carbon numbers 17 and 21 (lines B and C, respec
tively).

Hence, two identifications for this one unknown

must be considered* 17*6 and 21i0,

Because the occurence
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of 17*6 is highly improbable, the unknown is identified
as 21:0.

Polyunsaturated unknowns may have several pos

sible identifications best resolved by mass spectrometry.
The positions of double bonds must also be resolved by
mass spectrometry or chemical methods.
Quantitation of GC results from the Perkin-Elmer 990
required manual calculation of peak area values.
acceptable methods were studied and tested.

Several

Triangulation

of peaks and peak height x £ base measurements used initi
ally were replaced by retention volume calculations (peak
height x cor. RT),

Peak height could be measured accur

ately in mm by ruler when chart speed was minimized to
create a narrow peak.

Time in sec was determined and

recorded by the automatic electronic integrator.

Each

component of a sample or standard was expressed in mole
composition of the total sample

%

composition corrected

for molecular weight differences) according to the
formula presented by Kuksis (1972):

mole

% x =

__________^ x V MWx>10Q___________
+ c2a2/mw2
CnAn/MWn

where: A = peak area (or retention volume)
MW = molecular weight
C =* area correction factor for non-linearity in
detector response.

(3 )
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A Fortran IV computer program was written and used
to calculate mole
data (Figure 18),

%

from experimental retention volume
All Perkin-Elmer 990 results were

computed in this manner by the Louisiana State University
IBM 360 computer system.
The problem of manual determination of retention
volumes and mole

%

calculations was eliminated by the

Hewlett-Packard 5840A GC terminal.

The computer unit

generated a photo-reproducible chart which listed operating
parameters and compenent retention times, performed all
computations, and printed out completed data.
All GC analytical column temperatures were isothermal
except when BHT occurred in the analyzed samples.

BHT

and methyl myristate were resolvable on only the DEGS-PS
column at l4o°C.

After 8 min at l40°C, the oven temper

ature was increased to 185°C at a rate of 24°/min to elute
all other methyl esters.

Retention volumes for BHT and

14*0 were calculated and 14*0 was expressed as a percent
of the total.

This correction factor was then applied to

results from normal isothermal analyses of both columns to
determine the amount of 14*0.
A quantitative standard was prepared and used repeat
edly to test column performance, compare DEGS-PS and SilarlOC columns, test methods of area quantitation, and compare
performances of the two gas chromatographs.

The composi

tion of this standard (Figure 10) was designed to include
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both saturated and polyunsaturated fatty acid methyl esters
spanning the molecular weight range expected in the samples
to be analyzed.

Deviations from the theoretical composi

tion were always greatest for 14*0 and 20*4? neither of
these were computed in the experimental results.

Methyl

arachidonate was the most labile of the components and may
have slowly auto-oxidized with time.

The age of the quanti

tative standard was approximately 1 ,5 yr on the date of the
determination in Figure 10.
Figures 10, 11, 12, and 13 illustrate typical chroma
tograms with accompanying mole
Silar-lOC and DEGS-PS columns.

%

calculations (AMT) for
The sequence of compound

elution was the same for each column, but the RT values
differed.

When only a small amount of sample was available

for analysis, the gas chromatograph was operated at a
greater sensitivity than for usual samples.

The resulting

chromatogram often contained a solvent peak which masked
component peaks (Figure 14),

In spite of the appearance of

the chromatogram itself, the GC terminal calculated mole

%

values for components within the solvent peak which were
reproducible in replicate analyses.

To estimate minor

components in samples, such as 18*0 (RT = 11,88) in Figure
1 5 , both the amount of sample and the sensitivity of gas

chromatograph detection were increased to maximize a
specific component,
A comparison of data from the same samples
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chromatographed on the two different instruments is shown
in Table V.

Although I4i0 was not determined by the

Hewlett-Packard gas chromatograph, the results from the
two instruments were equal and the data from either could
be used.

Hence, differences between the Hewlett-Packard

and Perkin-Elmer data were insignificant.
Samples were analyzed in duplicate on the DEGS-PS and
Silar-lOC columns and the results of the four determin
ations were averaged.

Variations between the DEGS-PS and

Silar-lOC results were usually small, but by using both
columns, the reliability was increased,

Ste£epspecifig. analysis &£ triacvlglvcerolsx the pancreatic
li&ase reaction.
Pancreatic lipase (EC.3.1.1.3)» which is specific for
the primary ester bonds of acylglycerols, was used to gen
erate 2 -monoacylglycerols from triacylglycerols as shown
in Figure 7.

The procedure of Luddy et al. (1964) as

recommended by Christie (1973) is widely accepted, but
attempts to use this method indicated that lipid contamin
ants in the crude pancreatic enzyme preparation interfered
with analysis.

Trilinolenylglycerol (Sigma Chemical

Company) used initially as a standard was checked for
purity by GC and found to contain one minor contaminant,
0.37 mole

linoleate.

Enzyme reaction with trilinolenyl

glycerol, however, produced many additional fatty acids
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which therefore must have come from the crude enzyme itself.
Phospholipid, an impurity originating from the pan
creatic lipase, was detected on TLC by Zinzadze reagent
(Vaskovsky and Svetashev, 1972).

To prepare this reagent,

sodium molybdate (1 g) was dissolved in 4 N HC1 (10 ml).
A solution of 100 mg hydrazine sulfate in 10 ml water was
also prepared.

The two solutions were mixed and heated in

a boiling water bath for 5 min.
was diluted to 100 ml with water.

When cool, the reagent
The large quantity of

phospholipid from the enzyme was not adequately separated
from the 2-monoacylglycerol by the TLC developing system
(petroleum ether * diethyl ether t formic acid, 8 0 i2 0 i2 ).
When trilinolenylglycerol was used, much of the linolenate
was found at the origin with the contaminating phospholipid.
Attempts to "wash" the enzyme initially with acetone and
diethyl ether, as suggested by the authors (Luddy et al..
1964), did not adequately or consistently remove lipid
contaminants.

After repeated failures using the Luddy

et al. (1964) method, a second procedure (Weber e£ al..
1971 ) was tested and proved successful on the first attempt.

This method subsequently was used to generate all data on
position 2 fatty acid distributions.

It is described in

detail below.
Crude pancreatic lipase was washed twice in acetone
(5*1» w/v) and twice in diethyl ether (5*l»w/v).

The

resulting powder was dissolved in 0,01 M histidine (pH 7.0)
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at a concentration of 10 mg/ml of enzyme.

This prepar

ation yielded a stable suspension easily measured by pipet
(Mattson and Volpenhein, 1961),

The enzyme preparation

was made freshly, because aging enhanced degradation of
the enzyme and resulted in increased contamination by
extraneous lipid.
To 30 mg triacylglycerols in a 50 ml Teflon -lined
screw-capped tube were added1 1,8 ml of 1,0 N NaCl, 1,2 ml
of 1,0 M Tris-HCl (pH 8,0) + 0.2M sodium borate, 0,3 ml of
0,11 M CaCl2 » and 0,3 ml of pancreatic lipase preparation
described above.

The addition of sodium borate is a modi

fication suggested by Stokes and Tove (1975) to prevent
migration of the less stable secondary acyl groups to
primary positions during incubation.

The tube was flushed

with nitrogen, capped, and stirred on a vortex mixer at
room temperature for 3 min.

Vortex mixing provided suffi

cient agitation to cause micelle formation required for
optimum enzyme activity.

At the end of 3 min, the

reaction was stopped by the addition of 0,4 ml of 3 N HC1,
Lipids were extracted in 10 ml chloroform * methanol
(2*1), then 10 ml chloroform.
extraction was removed?

The organic phase from each

the two solutions were combined

and dried over anhydrous sodium sulfate for 1 hr.

The

lipid-containing solution was filtered through glass wool*
evaporated under nitrogen at ambient temperature, and dis
solved in chloroform * methanol (2*1) for TLC application.

7^

Lipids were streaked in a single band on an activated
0 .5 mm layer of silica gel +

boric acid (w/w) and

developed in petroleum ether t diethyl ether

%

glacial

acetic acid (6 5 *3 5 *1 ) until the solvent reached the top
edge of the silica gel.

Less than 1 cm distance separated

the 2 -monoacylglycerol band from the contaminating enzyme
phospholipids.

Care was exercized to avoid scraping

phospholipid with the monoacylglycero1 band.

The latter

was eluted from the silica gel in diethyl ether i methanol
(9*1).

Solvent volume was reduced under reduced pressure

and the lipid was prepared for GC analysis.

Both trilino-

lenylglycerol and a triacylglycerol standard, 1 -palmitoyl2 -oleoyl-3 ”linoleoyl-gH“glycerol» were used to test the

method.

All procedures were carried out through the

methylation step without delay to reduce the degree of acyl
migration,

£fcfii:eflgBg.QifiP analyses

Ol

triacvglvcerolsi t M Grignard

reaction and aaMaflnant procedures.
The pancreatic lipase reaction generates not only the
end products, 2 -monoacylglycerols, but also 1 ,2 (2 ,3 )diacylglycerols and fatty acids.

Pancreatic lipase shows

bias, however, in that it selects against polyunsaturated
acyl groups in primary positions (Kuksis, 1972).

The

resulting diacylglycerols are not random, because the
enzymatic removal of position 1 and 3 acyl groups is not
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random.

The 1,2-diacylglycerols cannot be separated from

2,3-diacylglycerols by TLC and are treated together
(Figure 7 ).

The assumption basic to the validity of

stereospecific analysis is that the generation of 1 ,2 (2 ,3 )diacylglycerols is random.
To avoid the use of pancreatic lipase to form the
diacylglycerols, Brockerhoff (1971) developed a procedure
in which a Grignard reaction is used to produce random
1,2(2,3)-diacylglycerols from triacylglycerols. The
Grignard reaction and subsequent synthetic and enzymatic
reactions are shown in Figure 7.
Fresh Grignard reagent, ethyl magnesium bromide, was
prepared for each sample by reacting 0 ,2 5 ml ethyl bromide
and 50 mg magnesium turnings in 5 ml dry diethyl ether.
Humidity is not conducive to successful Grignard reactions
and sporatic results were obtained until an apparatus
designed by Karimian (personal communication, 1976) was
used (Figure 1 9 ),

The magnesium and a small magnetic

stirring bar were added to the three-neck flask.

The

apparatus was flushed with nitrogen and sealed at all
joints with silicone vacuum lubricant.

The entire assembly

was flamed for several minutes with a Bunsen burner to
drive all water vapor upward into the calcium chloride
drying tube.

After the apparatus had cooled, diethyl ether

from a newly opened can and ethyl bromide were added to
the magnesium through the addition funnel.

The reaction

usually proceeded spontaneously when stirred by the
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magnetic stirrer, but occasionally, warming with hands or
a heating mantle was required to initiate the reaction.
Water flow through the condenser prevented loss of diethyl
ether.
After the magnesium had totally dissolved, 1 ml of the
the Grignard reagent thus prepared was removed and added
to 40 mg triacylglycerols in 2 ml dry diethyl ether
t'5)

contained in a 50 ml tube fitted with a Teflon -lined
screw cap.

The tube was flushed with nitrogen and stirred

on a vortex mixer for 1 min.

Glacial acetic acid (0.05 ml)

and 2 ml water were added to stop the reaction.
The glycerolipid products were extracted in three
10 ml portions of diethyl ether.

The ether solutions were

combined and washed with 5 ml of 2% aqueous potassium
bicarbonate and 5 ml water.
anhydrous sodium sulfate.

The ether layer was dried over
After evaporation of the ether

at ambient temperature, the lipids were applied to TLC
plates of 0 .5 mm silica gel +

5fo

boric acid (w/w) and then

developed in petroleum ether * diethyl ether (50j50).

To

avoid excessive contamination of samples with indicator dye
during visualization, the center portion of the plate was
covered so that only the outer edges were sprayed with
2',7'-dichlorofluorescein.

The approximate Rf values for

1 ,2 (2 ,3 )-diacylglycerols and 1 ,3 -diacylglycerols were 0 .5 0

and 0.65, respectively.

Unreacted triacylglycerols and

tertiary alcohols generated during the Grignard reaction
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migrated near the front.

In the initial series of experi

ments (Group A, see RESULTS), only 1,2(2,3 )-diacylglycerols
were scraped and eluted.

In the second series (Group B,

see RESULTS), both 1,2(2,3)-diacylglycerols and l,3“diacyl
glycerols were removed and eluted individually with
diethyl ether.

Aliquots of 1,2(2,3)-diacylglycerols were

analyzed by GC to determine the degree of randomness,
thereby checking the validity of the method. The 1,3diacylglycerols were used to determine the triacylglycerol
position 3 fatty acid composition directly (Wood and
Snyder, 1969).
To prepare synthetic phospholipids from either
1 ,2 (2 ,3 )-diacylglycerols or 1 ,3 -diacylglycerols, the

following procedure was used.

Immediately after elution

from the silica gel in the TLC above, the diacylglycerols
were dried in a screw-capped tube.

Dry diethyl ether

(1 ml), 1 ml pyridine, and 0 .2 ml phenyl dichlorophosphate

were added.

The tube was tightly capped and allowed to

stand at room temperature for 2-4 hr.

Pyridine (1 ml) was

added followed by dropwise addition of 1 ml water.

A

solution of 30 ml methanol, 30 ml chloroform, and 0 .2 ml
triethylamine was used to transfer the reaction mixture to
a 125 ml separatory funnel containing 25 ml water.
layers were mixed and allowed to separate.

The two

The bottom

chloroform layer containing the phosphatidylphenols was
removed and evaporated to dryness under reduced pressure.

78

No delays were permitted until this step was reached,
because the relatively unstable 1 ,2 (2 ,3 )-diacylglycerols
rearrange to form 1 ,3-diacylglycerols on standing, exposure
to heat, or contact with water.
The procedure described by Christie (1973) allowed
direct reaction of the phosphatidylphenols produced above
with phospholipase Ag,

When this method was tried,

however, a fluffy precipitate resulting in the final step
made it virtually impossible to apply the products to a
TLC plate, particularly so because the precipitate was
partially soluble in chloroform i methanol (1:1),

To

avoid this problem, the phosphatidylphenols were separated
from side reaction products and incubated with phospho
lipase Ag as described by Weber et al. (1971 ),
Phosphatidylphenols were purified by preparative TLC
on 0,3 mm silica gel G using a solvent system of chloro
form » methanol t ammonium hydroxide (85:15*2).

Phospha

tidylphenols (Rf 0,55) were cleanly separated from
unreacted diacylglycerols (R^ 0,8) and fatty acids (R^ 0,2).
In Group A experiments, unreacted diacylglycerols were
removed and analyzed by GC to determine randomness.

Phos

phatidylphenols were visualized under ultraviolet light
after spraying the edges of the plate lightly with rhodamine 6G.

They were then eluted with chloroform :

methanol : water (50:45*5).
Phospholipase Ag (EC.3.1.1,4) from Qphiophagus hannah.

79

king cobra venom) selects only the "natural" (or L-form)
1 .2 -diacvl-sn-glvcero-3-phosphophenol and leaves unaltered

the D-formi 2.3-diacvl-sn-glycero-l-phosphocholine. ‘
the
reaction products are position 2 fatty acids and lysophosphatidylphenol containing position 1 fatty acids.

The

synthetic phospholipid, 1 .3-diacvl-sn-glvcero-2-phosphophenol, is also attacked by the enzyme, because the posi
tion 1 acyl group is stereochemically L relative to the
phosphate group at position 2.

The enzymatic reaction

products are position 1 fatty acids and lysophosphatidylphenol containing position 3 fatty acids (Figure 7).
The phospholipase A^ reaction mixture was added
directly to the solvent-free phosphatidylphenols in a
100 ml conical flask in the following sequencet 1 ml dry

diethyl ether, 7 .5 ml of 0 .1 M aqueous triethylammonium
bicarbonate (triethylamine in water saturated with carbon
dioxide) pH 7.5* 2 drops of 0.5 M GaClg, and 2 mg snake
venom.

The flask was flushed with nitrogenj the stopper

was sealed with silicone vacuum lubricant and wrapped with
TeflorP^ tape.
ature for

2k

Incubation was carried out at room temper
hr in a gyrating shaker.

Two drops of glacial acetic acid were added to stop the
reaction.

Chloroform i methanol (10 ml of 1»1) was then

added to dissolve the reaction lipids.

To prevent foaming

during evaporation of solvent under reduced pressure, 10 ml
isobutanol was carefully layered over the reaction mixture.
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After evaporation to dryness, the precipitate was dissolved
in approximately 10 ml chloroform : methanol (ltl) and
filtered through a fine fritted funnel into a 25 ml conical
flask for evaporation.

The final products were streaked

on a preparative TLC plate of 0.3 mm silica gel G.

In

spite of the purification of the phosphatidylphenols and
the filtration of the phospholipase A2 products, the sample
contained some fluffy material and rhodamine 6 G which made
application on TLC difficult.

The TLC plate was developed

successively in two solvent systems.

The first, petroleum

ether : diethyl ether * glacial acetic acid (5 0 :5 0 *1 )
moved diacylglycerols and fatty acids from the origin to
the upper edge of the plate.

After development to the top

edge, the plate was air-dried briefly and exposed to
ammonia fumes for 10-15 sec to neutralize the acetic acid.
The plate was then developed in a system containing chloro
form * methanol : ammonium hydroxide (85:15*2).

After

development, the entire plate was sprayed lightly with
rhodamine 6g to visualize the lipids, because the bands,
while well separated, were not straight or compact.
values of 0 .5 5 for unreacted 2 ,3-diacvl-sn-glveero-lphosphophenols and 0 ,3 for 2 -sn-lvsophosphatidylphenols
were approximate at best, but the separation was sufficient
to resolve the products,
V/hen 1,3-diacylglycerols were used in this reaction
sequence, two variations were noted: (1 ) introduction of
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the phosphophenol group at the secondary position required
a longer reaction time and (2 ) Rf values for the phospho
lipase A2 reaction products, unreacted 1 .3-diacyl-snglycero-2 -phosphophenols (the reaction was not always
complete) and 1 -sn-lvsophosphatidvlphenols. were slightly
greater than their counterparts from the 1 .2 (2 .3)-snglycerophosphophenols.
The fatty acids released by phospholipase Ag (Figure
7 ) were not analyzed in the insect lipid experiments.

Studies with trilinolenylglycerol and l-palmitoyl-2-oleoyl3-linoleoyl-sn-glycerol indicated that degradation products
and fatty acids released from the enzyme itself contamin
ated these fractions.

The lipid bands desired for analysis

were removed and eluted with chloroform * methanol * water
(50*45*5). methylated, and analyzed by GC.

Stereospecific analysis
randomness

ol

triacvlglvcerols* assessment q£

ralsMa&ifln &£ BflSLiiAfln 1 fatty acid

Mg.trlJb.VLti,on.
Because the validity of the method requires the ran
dom generation of 1 ,2 (2 ,3 )-diacylglycerols from triacylglycerols, a test to determine product randomness is
necessary.

Yurkowsfci and Brockerhoff (1966) have devised

the following formula in which the theoretical composition
of diacylglycerols arising from the known composition of
triacylglycerols is calculated assuming 100% randomness.
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DAGcalcd = (3 TAG + MAG)/4

A)

where* DAG = diacylglycerols (theoretical)
TAG = triacylglycerols
MAG = 2-monoacylglycero]s (from pancreatic lipase
reaction)
The results for each component fatty acid in mole

%

were calculated and compared to the experimental composi
tion of the 1,2(2,3)-diacylglycerol aliquot analyzed by GC.
Use of this formula is particularly important when the
diacylglycerols are generated by the pancreatic lipase
reaction which is often selective.

It is equally applicable

in assessment of Grignard reaction performance as it is used
herein.
Two methods were used to calculate position 3 fatty
acid distribution in female pupal fat body triacylglycerols.
The first formula shown below is the one most commonly used
(Christie, 1973)*
position 3 = 3 x (TAG) - (position 1) -(position 2)
where* TAG = mole

%

of fatty acid methyl ester in triacyl

glycerols
position 1 = mole

%

of fatty acid methyl ester from

l-acvl-2 -lvso-sn-glvcerophosphophenols
position 2 = mole

%

of fatty acid methyl ester from

2 -monoacylglycerols of pancreatic lipase reaction.

(5)
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The second method requires that the reaction of phos
pholipase Ag with the 1 »2 -diacvl-sn-glvcerophosphophenols
is complete so that no unreacted material is included in
the 2,3-diacvl-sn-glvcerophosphophenol analysis.
lations based on mole

%

Calcu

composition are repeated for each

fatty acid methyl ester constituent.
position 3 = 2 x (2 ,l-diacvl-sn-glvcerophosphophenols)
- (position 2 )

(6 )

wheret 2 .3-diacvl-sn-glvcerophosphophenols are derived as
desribed above and position 2 is 2 -monoacylglycerols
from the pancreatic lipase reaction as in formula
(5 ) above.

Presentation and statistical treatment &£ data.
Numerical data were assembled as mean
presentation.

t

S.E. for final

All standard errors were calculated on a

preprogrammed Wang Statistical Calculator.
Star graph presentation of data is intended to provide
an easy visual comparison of results unencumbered by num
erical information.

One set of data (ie, the fatty acid

composition of a particular lipid fraction) was normalized
to form a regular hexagon since six values (or fatty acid
methyl esters) occur per data set.

The scale used for

each axis in normalization is then applied to the respective
values in the second data set.

The result is a second
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geometric figure which is visually compared to the regular
hexagon to assess relative changes in individual compon
ents.

Precise numerical information is also presented in

tabular form.

The description of star graph design and

use in the legend of Figure 20 illustrates the treatment
of numerical data and the interpretation of the final
figure.

RESULTS

The presentation and discussion of results necessi
tate repeated reference to various fatty acids and their
corresponding methyl esters.

To simplify terminology,

the common names and numerical symbols listed in Table I
have been used extensively.

The reader is referred to

the GLOSSARY for explanations of terms associated with
insect physiology.

Eat frQfly lipids.
Female pupae were chosen for these studies, because
egg lipids were also to be analyzed.

Fat body lipids

were extracted and combined from day to day until suffi
cient material was available for analysis.

Total lipid

extracted per female pupa was approximately 11 mg.
Although Group A insects were reared during the summer
and Group B during the winter, variations attributable
to seasonal differences were not detected.
The analysis of female pupal fat body total lipid
on TLC (Figure 9) indicated that the major component was
triacylglycerols (TAG).

Diacylglycerols (DAG), cholesteryl

esters, cholesterol, and phospholipids (PL) were present
in substantially lesser quantities.
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In the TLC developing
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system used. 1,3-DAG and cholesterol often co-chromatographed* however, both 1,3“DAG and 1,2(2,3)-DAG were
present in fat body lipids.

Visual estimation of the

relative amounts of each was unreliable because acyl
migration in alcoholic media and on storage may result in
conversion of 1,2(2,3)-DAG to the more stable 1,3-DAG,
Fat body total lipids, neutral lipids (obtained by
silicic acid chromatography), TAG, and DAG for Groups A
and B were analyzed and compared (Table VI),

As expected,

the fatty acid compositions of the neutral lipids and TAG
were very similar since, as observed by TLC (Figure 9),
TAG were estimated to be at least 90# of the neutral lipid
fraction.

The effect of DAG on overall neutral lipid

composition was evident, however, because compared to TAG
values, neutral lipid 1 6 *0 , 1 6 *1 , and 18*1 were slightly
decreased while increases in 18*2 and 18*3 were noted.
In TAG and DAG, an inverse relationship between 16*1 and
the polyunsaturated fatty acids, 18*2 and 18*3, was
apparent.

When 18*2 and 18*3 were elevated, 16*1 was

decreased,
To summarize the overall results, it can be concluded
that DAG contained less 16*1 and 18*1 and approximately
twice the amount of 18*0 as found in the TAG fractions.
Linoleate usually was elevated in DAG, but occasionally,
an extract was analyzed in which it matched TAG.

Monoacyl

glycerols and fatty acids were not detected in TLC
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separations and, therefore, could not be examined.

Fat

body PL were analyzed in a different experiment
for both male and female pupal fat body as will be
discussed later.

Diet _
U .pjds and lipids in £ M fa£ M y .
The diet on which Group A and B insects were reared
was also analyzed to determine the fatty acid composition
of total lipids (Table VI),

The major fatty acid compo

nents were linoleate, palmitate, oleate, and linolenate.
Palmitoleate and stearate were present in amounts less
than 2 mole #.

Myristate, 16*2, 15*0, and 17*0 were

detected in trace quantities.
The fatty acid compositions of diet total lipids and
fat body total lipids (Table VI) are compared in Figure 20.
The largest relative increase was in fat body palmitoleate
which was five times that found in the diet.

Fat body

palmitate and oleate levels were also elevated above those
of the diet, but stearate was relatively unchanged.

Fat

body 18*2 and 18«3 were each less than one-half of the
corresponding diet value.

Liaid.g in ite .diet and feces.
The water and lipid content of feces collected from
5th and 6 th instar larvae were compared to that of the

larval diet (Table VII).

The water content of the diet
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and feces were approximately the same, but lipid levels
were drastically altered (Table VII).

Based on weight

determinations, 72% (7 1 ,4 # dry wt. and

71.8fo

wet wt.

calculations) of the diet lipid was consumed by the insect.
This value was an approximation, however, because other
compounds were subtracted from and added to the feces
during the digestion process.
The fatty acid composition of total fecal lipids
differed from that of the diet (Table VIII) as illustrated
in Figure 21,

Fecal stearate, although a minor component,

was twofold the amount found in the diet.
contained more 16*0 and 18*1 than the diet.

The feces also
Both 18*2 and

18*3» however, were significantly decreased in the feces.
Only differences in 16*1 content were not statistically
significant.

sexual aimflr&tiigiii in la i frgfly lip iia .
The possibility of sexual dimorphism in total fat
body lipid content was examined.

Preliminary estimates

indicated that averages of 1 0 .2 mg total lipid per male
pupa and 1 0 ,8 mg total lipid per female pupa were obtained.
The difference was not deemed significant because earlier
extractions yielded approximately 11 mg per female pupa.
Female and male pupae were also the same size.

An obvious

difference in total lipid content between the sexes, there
fore, was not apparent.
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The fatty acid compositions of TAG, DAG, and PL in
male and female pupal fat body were determined (Table IX).
Significant differences in male and female TAG fatty acid
compositions were not found, although there may be a trend
for more saturated fatty acid in male TAG.

Male PL,

by contrast, were significantly more unsaturated than
female PL,

The high level of 18*0 in females was

unexpected and contributed to this result.

Although

DAG values for individual fatty acids showed no signifi
cant differences with the exception of 16*1, overall DAG
appeared to be more unsaturated in males than females.
The pattern found in TAG verses DAG was the same for each
sex.

DAG levels of 16*0, 18*0, 18*2, and 18*3 were

consistently greater than in TAG.

As indicated in Table

IX, 18*3 was twofold greater in female DAG than in TAG.

kip.jL.4 5 fli fliaftt musplQ and e^uyjag..
The TLC fractionation of male flight muscle total
lipid is shown in Figure 9.
was PL.

The most abundant component

Also apparent were DAG, cholesterol, and chol-

esteryl esters.
quantities.

TAG and fatty acid were present in lesser

Not visible in Figure 9» but clearly evident

on the original TLC itself was a faint spot of fatty acid
methyl esters.
The influence of the large amount of PL on the total
lipid fatty acid composition (Table X) was observed because

mole

■%

values for individual components were similar and

differed considerably from that of TAG, DAG, and fatty
acids.

The fatty acid pool was the most saturated

(46 mole #), but 18*3 was also elevated compared to that
of the TAG and DAG.

Fatty acid composition was similar

to TAG and DAG in 16*0, 16*1, 18*0, and 18*2 content, but
more like phospholipid in 18*1 and 18*3 composition.
Although sexual differences for individual fatty acid
components were not significant, the overall difference
in saturation (greater in male flight muscle) may be real.
The male PL fraction likewise was not significantly
different from that of female muscle when considered on
an individual fatty acid basis, yet the overall amount of
unsaturation was greater.
The TAG and DAG compositions of both male and female
muscle lipids differed particularly in 16*1 and 18*0
contribution, but as the data in Table X also indicates,
mole

composition of the major components, 1 6 *0 , 18*1,

and 18*2 were very similar for TAG and DAG.

Male DAG were

more unsaturated overall than female DAG, but both male
and female DAG were slightly more saturated than male or
female TAG.
As indicated in MATERIALS AND METHODS, the flight
muscle tissue contained an indeterminate amount of fat
body tissue, cuticle, and tracheae.

Possible contamin

ation of muscle glycerolipids by cuticular lipids was
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examined by analyzing pupal exuviae to assess the content
of integumentary lipids.

Extraction of 372 mg pupal

exuviae yielded 1 2 ,8 mg lipid (3 .^ )» part of which was
only sparingly soluble in lipid solvents, such as chloro
form, methanol, petroleum ether, benzene, and acetone.
TLC analysis of these lipids (Figure 22) indicated that
fatty acids and traces of TAG, DAG, and MAG were present
in the extract.

Methyl esters of fatty acids, hydrocar

bons, steryl esters, and probably wax esters were also
found.

The three latter components are not readily discern

ible in the photograph, however.

The trace of fatty acid

methyl esters visible in the TLC analysis of flight muscle
may have originated from contaminating cuticle lipid of
which methyl esters of fatty acids appear to have been a
major component (Figure 22).

It is doubtful that the

amount of lipid from the contaminating cuticle substanti
ally altered the apparent glycerolipid composition and
the effect on muscle fatty acids was even less certain.

Testicular lipi&j.
Total lipid yield from approximately 60 mg testes was
6 mg.

The results of the analysis of this lipid are

presented in Table XI and the TLC fractionation is in
Figure 9.
ular lipid.

PL were a substantial part of the total testic
DAG, TAG, cholesterol, cholesteryl estergf and

a trace of fatty acid were also apparent, but no MAG were
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found.

Total lipid reflected the influence of both TAG

and PL components.
fraction ( 48 mole

Fatty acid was the most saturated
%);

it contained only 3 mole

%

total

18*2 plus 18i3 and had the largest amount of 16*1 (2 7 ,8
mole %).

In PL, 16*1 was more abundant relative to other

tissue (4.4 mole %), but 18*1 and 18*3 were very elevated
with an unexpectedly decreased amount of 18*2.

No elaidate

(Table I) or arachidonate were observed.
The fatty acid content of the glycerolipids, DAG and
TAG, differed in the levels of 16*1, 18*2, and 18*3,

DAG

were more saturated than TAG, although 16*1 was a major
component of DAG and twofold that in TAG.

The 18*2 and

18*3 levels in DAG were reduced relative to TAG.

Inter

estingly, the sum of 16*1 and 18*2 in TAG, DAG, and fatty
acid equaled 2 8 -3 0 mole

%

regardless of the distribution

in the two fatty acids.

Egg l i p i d s .

The lepidopteran egg is typically spherical
(Wigglesworth, 1972) as can be seen in the photographs
of Figure 23.

A comparison with the postage stamp perfor

ations indicates its minute size.

The eggs when laid on

the cheesecloth were yellow, but darkened in color during
embryogensis after 1-2 days.

Color changes can be seen

in some of the eggs in Figure 23.
Obviously, a large number of eggs were required for
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lipid analysis.

In the first experiment, eggs on cheese

cloths were frozen daily until enough material was accumu
lated to extract total lipids sufficient for analysis.
The eggs were, therefore, stored several weeks before the
lipid extraction was performed.

TLC of the total lipids

(Figure 9) indicated that TAG and PL were major components
as well as lesser amounts of DAG, MAG, cholesteryl ester,
and cholesterol.

The magnitude of the fatty acid compo

nent was unexpected.

When it was learned that lipases in

insect eggs are active at temperature below 0°C (Guss,
19 69 )» the experiment was repeated to eliminate the

possible fatty acid artifiact as follows.
Eggs were collected and extracted each day within
12 hr of oviposition.

TLC analysis of the total lipid

extract again indicated that TAG and PL were major lipid
fractions in egg tissues.

DAG, cholesteryl esters, and

cholesterol were also present.

MAG were not evident, nor

was a MAG band found on TLC used for component isolation.
Fatty acid was visible, but in a relatively small amount
compared to the first experiment.
The results of the analyses of the lipid fractions
from eggs are shown in Tables XII and XIII.

MAG was

apparent only after storage and then was highly saturated
(48.9 mole

%),

The effect of storage was to increase the

proportions of saturated fatty acids in all fractions
except the fatty acid fraction (and total lipid); the

9k

variation, if real, in the TAG was

least significant.

The

most dramatic change was in the fatty acid fraction which
appeared to accumulate unsaturated fatty acids on storage.
Both DAG fractions were deficient in polyunsaturated fatty
acids, 18*2 and 18*3.

The increase in DAG saturation

during storage resulted from a simultaneous increase in
18*0 and decrease in 16*1 because both of the major compo
nents, 16*0 and 18*1 were relatively unaltered.
The TAG and DAG of eggs with and without storage
differed in composition of all components except palmitate
which remained unchanged. In both stored eggs and those
extracted immediately, the stearate content of DAG was
approximately sixfold that found in TAG.
content of DAG was also decreased

Palmitoleate

relative to TAG, but

the DAG contained much less unsaturated fatty acid.

Tissue variations In lipid fractions.
To examine tissue variations in lipid fractions,
the fatty acid compositions of TAG from flight muscle,
testes, eggs, and pupal fat body compared in Table XIV.
Similar comparisons were made for DAG (Table XV), PL
(Table XVI), MAG, and fatty acids.

The data derive from

the previously described experiments and were reassembled
to facilitate comparative study of tissue lipid fractions.
Only data from egg lipids which were freshly extracted
were included in Tables XIV, XV, and XVI.
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Both male and female muscle TAG were more saturated
than male and female fat body TAG.

Muscle TAG palmitate

and stearate increased concommitantly with decreases in
1 8 j 1 and 1 8 *3 .

The greatest relative changes occurred in

18*0 and 1 8 *3 .

Fat body palmitoleate was slightly higher

in the male than in the female.
constant.

Linoleate remained nearly

Male TAG tend to be more saturated than female

TAG in both tissues.
Testes TAG were also more saturated than male pupal
fat body TAG which was due, in part, to a large increase
in testes TAG 18*0 and a reduction in 1 8 *1 , 1 8 *2 , and 1 8 *3 .
Palmitate levels were equal, but testes TAG were particu
larly different in the large amount of 16*1 present.
Egg TAG were also more saturated than female fat body
TAG.

Egg palmitate was elevated in TAG, but the minor

components, 16*1 and 18 *0 . were lower, the latter by onehalf of the fat body amount.

Oleate was increased, but

egg 18*2 and 18*3 were reduced by at least one-half.
palmitate and oleate totaled more than 80 mole
to 67 mole

%

%

Egg

compared

in fat body TAG.

The DAG fractions in these tissues were also compared
(Table XV).

Both male and female muscle DAG contained

slightly more 16*0 than the corresponding DAG in fat body,
but were less saturated.

In muscle, both 16*1 and 18*1

were elevated, but 18*0 and particularly 18*3 were lower
relative to fat body values.

These variations were more
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pronounced in female muscle DAG.
Unlike muscle DAG, testes DAG were more saturated
than male pupal fat body DAG,

Both palmitate and stearate

exceeded the amounts found in fat body DAG.

In testes DAG,

a fourfold increase in l6t1 over the level in fat body was
seen.

The lack of 18s2 and 18s3 in DAG was even more

apparent in testes than in muscle relative to fat body.
Egg DAG were also more saturated than female fat body
DAG.

Most noticeable were the trace level of 18* 3 and the

more than fourfold increase in l6t1 in egg DAG relative to
fat body DAG.

Palmitate contribution was essentially equal

in the two fractions.

Egg 18*0 and 18*1 were greater, but

18*2 was one-half of that found in the fat body DAG.
The glycerophospholipids of flight muscle, testes, and
eggs were all less saturated than fat body PL.

Male PL

were the least saturated in muscle and fat body (Table XVI).
The amount of 18*1 was approximately the same, but 16*1,
18*2, and 18*3 were considerably increased in muscle PL
while 16*0 and 18*0 were concommitantly lower.
Testes PL were also less saturated than male fat body
PL, but the difference was less pronounced than in muscle.
Palmitate content was similar, but 18*0 was reduced by
approximately 50^.

Particularly striking was the reduction

in the amount of 18*2 and the large elevations in 18*1 and
18*3.

The testes PL were also characterized by the eleva

tion of 16*1 relative to fat body PL.
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Egs; PL were less saturated than female fat body PL,
but more saturated than muscle or testes PL.

The contri

bution of lot 1 and I8t1 to PL unsaturation in conjunction
with the lesser amounts of l6t0 and 18tO in egg PL
resulted in less saturation than in fat body PL.
Fatty acids did not occur in detectable quantity in
fat body lipids and were, therefore, not analyzed.

In

flight muscle (Table X), testes (Table XI), and eggs
freshly extracted (Table XIII), fatty acids were highly
saturated but decreasingly so in the following order*
eggs freshly extracted, testes, and muscle.

In egg fatty

acids, 16i0 and 18*0 were increased and 18i2 and 18*3
were decreased relative to testes and muscle fatty acids.
In muscle and testes fatty acids, 16*0, 18*0, and 18*1
were approximately the same, but testes 16*1 was increased
fivefold and 18*2 and 18*3 in testes fatty acids were in
short supply.

The most unsaturated fatty acid fraction

occurred in eggs extracted after cold storage (Table XII)
in which the unsaturated C^g fatty acids were all increased
relative to fatty acids from eggs freshly extracted.
MAG were detected only in lipids from stored eggs
and cannot, therefore, be compared to MAG of other
tissues.

It was noted that MAG from stored eggs were

the second most saturated fraction analyzed.

The greatest

degree of saturation observed was in the fatty acids from
eggs freshly extracted.
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S to s a a a s s ilis , an alxfiia a£ ia i M ix
The results of stereospecific analysis of female pupal
fat body TAG are shown in Tables XVII, XVIII, and XIX,
Although TAG from Group A were used primarily to develop
experimental techniques, the data from both Groups A and B
are reported here to indicate the fluctuations in positional
distribution of fatty acids resulting from a small change in
TAG fatty acid composition between groups,
The validity of Group B results were confirmed by
testing the randomness of 1,2(2,3)-DAG generation in the
Grignard reaction and comparing the experimental values to
the theoretical 1,2(2,3)-DAG composition (Table XVIII), In
Group A experiments, the analysis of phosphatidyl phenols
was compared to theoretical values for 1,2(2,3)-DAG,

Devia

tions from the desired theoretical composition were apparent
for 16*0, l6sl, 18*0, and 18s1,

Because the phosphatidyl

phenols were analyzed and not the 1,2(2,3)-DAG obtained
immediately after the Grignard reaction, evaluation of DAG
generation was not reliable.

The deviations may have resulted

from acyl migration of the 1,2(2,3)-DAG before phosphatidyl
phenol formation.

Regardless of the source of the deviations,

the results from TAG of Group A were less reliable than those
from Group B.
Brockerhoff and Yurkowski (1966) suggested that both
(3xI)-V-II and (2xVI)-II calculations (see Table XVIII) be
used for determining position 3 composition.

The results were

acceptable for final averaging only if discrepancies between
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values were not larger than 2 mole

%

for any minor fatty acid

(<10 mole %), 3 mole % for any major fatty acid, and 4 mole %

for fatty acids of 40 mole $ or more.

The calculated fatty

acid compositons for position 3 of TAG from Group B were
accurate within the above limits and were averaged (Table
XIX).

The results for position 3 stearate, linoleate, and

linolenate of TAG from Group A did not conform to the
accuracy criteria of Broekerhoff and Yurkowski (1966).

The

(2xVI)-II calculation was suspect because its validity
required that the phospholipase A2 reaction be completed
such that no unreacted 1 ,2 -diacyl^an-phosphatidyl phenols
remained, Therefore, only results from the (3xI)-V-II calcu
lation for Group A position 3 were used for comparison with
TAG of Group B,
The data for all positions of TAG of Group A and
Group B are summarized in Table XIX,

The fatty acid compo

sitions of TAG from Group A and B differed most in l6 «1 and
18*2,

In positional placement of fatty acids, the saturated

fatty acids dominated position 1 and unsaturated fatty acids
dominated position 2.

The contents of position 3 were divided

almost equally between saturated and unsaturated fatty acids.
In the TAG of Group A which contained more 16*1 than
TAG of Group B, the additional 16*1 was located in position 3.
It appeared that 16*1 was preferentially distributed in posi
tion 3.

In Group B TAG, stearate was evenly divided between

positions 1 and 3 , Although more than one-half of the 18*1
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and 18t2 present occurred at position 2, substantial amounts
were also divided between positions 1 and 3.

Oleate not

found in position 2 was preferentially located in position 3.
Only small quantities of 18s3 were found in positions 1 and
3.

Comparison of positional distributions of fatty acids in

TAG of Group A and Group B indicate that only slight vari
ations in positional distributions of fatty acids occurred
and that the greatest compositional flux occurred in
position 3.

TABLES
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Table I.

Fatty acid nomenclature and structure.

Molecular Formula

Symbol^

Common Name

Systematic Name

lauric

n-dodecanoic

C12H24°2

12*0

myristic

n-t etrad ecano ic

Cl4H28°2

14*0

palmitic

n-hexadecano ic

Cl6 H32°2

16 iO

palmitoleic

9-hexadecenoic

C16H30°2

16; 1

stearic

n-octadecanoic

C18H36°2

I81 O

oleic

cis-9-octadecenoic

C18H34°2

18*1(9)

elaidic

trans-9-octadecenoic

C18H34°2

18*1(9.trans)

linoleic

9,12-octadecadienoic

C18H32°2

18*2(9,12)

linolenic

9»12,15-octadecatrienoic

C18H30°2

18*3(9,12,15)

arachidic

n-eicosanoic

C20H40°2

20*0

arachidonic

5,8,11,l4-eicosatetraenoic

C20 H 32°2

20*4(5,8,11,14)

^"double bond positions in parentheses; assumed to be cis unless indicated as trans.
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Table II.

The nonrandom positional distribution of

fatty acids in animal triacylglycerols.

Position in
Triacylglycerols

Fatty acid

1

Saturatedi 14*0, l6i0, 18*0

2

Unsaturated, short chaini 16»1,
18tl, and most of I8 t2 and 18*3.

3

Long chain, randomi

C>20t0,

saturated and unsaturated long
chain, others are random
assortment•

^Abridged and modified from Brockerhoff (1971)*
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Table III,

Larval diet for rearing Heliothis virescens'1'.

Ingredients__________________________________ Amount
Pinto beans, soaked in water for 4 hr.

862,5 g

Wheat germ (ICN, Cleveland, Ohio)

200,0 g

Brewers yeast (ICN)

128,0 g

Ascorbic acid (ICN)

13.0 g

Tegosept (methyl-p-hydroxybenzoate)

8,0 g

Sorbic acid (Nutritional Biochemicals Corporation,
Cleveland, Ohio)

4.0 g
3 2 .0 ml

10rf* formaldehyde
Water

1400.0 ml
Blend above ingredients for two minutes
in an electric blender.

Water, boiling

1400.0 ml

Agar, USP granulated (General Biochemicals,
Chagrin Falls, Ohio)
Mix agar and boiling water.

51.0 g

Add to the

other contents of the blender and stir for
two minutes.

1Burton (1969 ) as modified herein.
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Table IV.

Fatty acid methyl ester standards used in

gas chromatography.
Name of standard

Source 1
A

KD

NS, LSU

SM-6

Fatty acid methyl esters
14:0, 16:0, 1 6 :1 , 18:0, 18:1
1 5 *0 , 16:0, 18:0, 18:3, 20:4

Kormel #1

H

16*0, 18:0, 18:1, 18:2, 18:3

GLC 80

S

13*0, 14:0, 14:0, 1 6 :0 , 1 7 :0

GLC 100

S

18:0, 19*0, 20:0, 21:0, 22:0

GLC 10

S

16:0, 18:0, 18:1, 18:2, 18:3

GLC 50

S

l6i l, 18:1, 20*1, 22:1

Quant Std
PUFA #1

DB, LSU
S

14s 0, 16:0, 18:0, 18:3, 20:4
I4s0, 16:0, 16:1, 18:1, 18:2
20:1, 20:5(5 ,8,11, 14,17), 22:1,
22:5(7,10,131,16,19),
22:6(4,7,10, 13.16, 19)

PUFA #2

S

1 6 :0 , 16:1, 18:1, 18:2, 18:3.

20:4, 20:5(5i.8,11, 14,17),
22:4(7,10,131,16 ),
22:5(4,7,10, 13,16) •

"^S = Supelco, Inc.; A = Applied Science Laboratories;
H = Hormel Institue (Hormel , Minn. )l NS, LSU »
Nuclear Science Center, Louisiana State University;
DB, LSU = Department of Biochemistry, Louisiana State
University,

Table V.

A comparison of Hewlett-Packard 5840A and Perkin-Elmer 990 gas

chromatographic analysis of Heliothis virescens female pupal triacylglycerols.
mole 35 composition (mean t S.E.)
Triacylglycerols
Group A

Group B

Hewlett-Packard

N1 1410
5

Perkin-Elmer

5

Hewlett-Packard

6

Perkin-Elmer

6

-

0.6
(0,00)
0.6
(0.02)

16 :0

1 6 :1

18:0

18:1

38.9
(0.12)

8.0
(0.02)

1.6
(0.02)

38.8
(0.1?)

8.4
(0.11)

1.6
(0.00)

38.4
(0.22)
38.2
(0.13)

18:2

18:3

3 0 .2

16.7

(0.05)

(0.04)

4.6
(0.03)

28.1
(0.21)

17.5
(0.10)

5.0
(0.04)

5.8
(0.03)

1.9
30.5
(0 .0 6 ) (0.08)

18.1
(0.20)

5.2
(0.12)

5.9
(0.15)

1.9
(0.03)

18.9
(0.17)

5.6
(0.12)

2 9 .0

(0.25)

^ N = number lipid samples analyzed.
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Table VI.

The fatty acid compositions of female pupal fat body lipid fractions and the

larval diet for rearing Heliothis virescens.

mole
Lipid fractions
Fat body
total lipid

Fat body
neutral lipid

Fat body
triacylglycerols

Fat body
diacylglycerols

Dietary total lipid

14:0

16:0

Group A

35.4
0.5
(0 .0 7 ) (0.66)

Group B

0.5
(0.07)

35.6
(0.87)

0.4
(0.02)

Group B

fs

composition (mean t S. E.)
16:1

18:0

7.1
(0.32)

1.8
(0.04)

18:1

18:2

30 .6
19.2
(1 .16 ) (0.62)
2 9 .6

18:3
5.4
(0.30)

2.1
5.4
(0 .8 7 ) (0.29)

(0.75)

20.8
(1.20)

6.2
(0.47)

(0.32)

7.6
(0.11)

1.7
(0.03)

29.4
(0.22)

18.4
(0.18)

5.5
(0.07)

0.5
(0.04)

35.7
(0.15)

5.6
(0.04)

1.9
(0.05)

29.5
(0.09)

20.2
(0.10)

6.5
(0.09)

Group A

trace

38.9
(0.12)

8.0
(0.02)

1.6
(0.02)

3 0 .2
16.7
(0 .0 5 ) (0.04)

4.6
(0.03)

Group B

trace

38.4
(0.22)

5.8
(0.03)

18.1
1.9
30.5
(0 .0 6 ) (0 .0 8 ) (0.20)

5.2
(0.12)

Group A

0.8
(0.12)

33.1
(0.34)

7.2
(0.70)

3.4
(0.12)

24.5
(0.67)

19.8
(0.18)

11.2
(0.14)

Group B

trace

37.8
3.2
(O.2 3 ) (0.13)

4.2
(0.15)

23.3
(0.19)

20.2
(0.19)

11.5
(0.14)

trace

22,1
1.6
1.8
(0 .6 7 ) (0 .0 6 ) (0.02)

16.3
(0.35)

44.7
13.5
(0 .30 ) (0.75)

Group A

3 6 .8

Table VII.

A comparison of the lipid and water content of the insect diet and the

feces from 5th and 6th instar larval Heliothis virescens.

Sample

%

N =
Diet

Mean =
± S.E.
N =

Feces

Mean =
± S.E.

water

10
83.79
0.282

% lipid
(dry wt.)

11
4.785
0.166

% lipid
(wet wt.

11
0.7791
0.029

14

18

18

84.03
0.141

1.370
0.033

0.2194
0.005

Table VIII.

A comparison of the total lipid fatty acids in the insect diet and the

feces from 5"fch and 6th instar larval Heliothis virescens.
mole ^ composition (mean 1 S.E.)
Sample

N

16*0

16*1

18*0

18:1

18*2

18*3

Dietary total lipid

5

22.2
(0.74)

2.1
(0.16)

1.8
(0.15)

15.5
(0.87)

43.8
(0.31)

14.6
(0.65)

Fecal total lipid

5

27.4
(0.44)

2.0
(0.15)

4.0
(0.17)

19.4
(0.26)

37.2
(0.31)

9.9
(0 .3 6 )

0.01

0.001

0.001

p1

<

0.001

N.S.2 0.001

^determined by two-tailed Student's t-test.
2

different is not significant.

Table IX.

A comparison of male and female fatty acid composition in major lipid fractions

from pupal fat body of Heliothis virescens.

mole

16 «1

I8t0

18s 1

18s 2

18s 3

female

34.9
(0.08)

8.7
(0.05)

2.2
0

31.7
(0.14)

17.3
(0.05)

5.2
(0.02)

0.590

male

36.4
8.1
(0 .2 5 ) (0.31)

1.7
(0.14)

32.4
(0.58)

16.6
(0.31)

4.7
(0.11)

0.616

N.S.

N.S.

Difference
Diacylglycerols,

2
p <

0.01

N.S.

0.02

S/U1

0.01

female

39.8
(0.57)

3.7
(0.15)

5.2
(0.14)

22.5
(0.14)

17.8
(0.25)

11.1
(0.49)

0.817

male

38.3
(0.55)

5.2
(0.30)

4.4
2 3 .0
(0 .6 0 ) (0.52)

17.5
(0.58)

11.6
(0.69)

0.745

N.S.

Difference
Phospholipids,

composition1 (mean ± S.E.)

16*0

Glycerolipid fraction
Triacylglycerols,

fo

p <

N.S.

0.01

N.S.

N.S.

N.S.

female

28.6
(0.77)

2.0
(0.69)

12.6
(0.81)

13.0
(0.43)

28.4
(1.02)

15.2
(1.08

0.703

male

24.5
(0.20)

1.4
(0.03)

9.8
(0.08)

14.0
(0.22)

32.3
(0.25)

18.0
(0.20)

0.522

0.01

0.05

0.02

0.01

0.05

Difference

p <

N.S.

^Ratio of the sum of saturated fatty acids to the sum of unsaturated fatty acids.
2

determined by two-tailed Student's t-test; N.S. means difference not significant.

Table X.

A comparison of male and female fatty acid composition of major lipid

fractions in flight muscle of adult Heliothis virescens.

mole

%

composition (mean - S.E.)

I6i0

16 *1

18:0

18:1

18:2

18:3

female

17.7
(0.08)

2.0
(0.10)

2.0
(0.04)

12.4
(0.04)

35.5
(0.05)

30.4
(0.15)

0.245

male

18.1
(0.20)

2.1
(0.02)

2.2
13.0
(0 .0 6 ) (0.19)

35.0

29.7
(0 .3 6 )

0.254

N.S?

N.S.

38.6
(0.21)
38.4
(0.38)

Glycerolipid fractions
Total lipid

Difference
Triacylglycerols,

p

<

female
male

Difference
Diacylglycerols,

Difference

p

0.05

0 .0 5

0.01

N.S.

8.4
(0 .2 5 )

3.6
(0.30)

28,8
(0.29)

17.1
(0.24)

3.6

(0.05)

9.8
(0.42)

4.1
(0.41)

28.7
(0.57)

15.9
(0.48)

3.1
(0.21)

N.S.

N.S.

N.S.
13.2
(0.21)

3.2
(0.11)

0.768

32.9
14.5
(0 .0 6 ) (0.29)

3.2
(0.09)

0.756

<

N.S.

female

41.4
(0.13)

7.8
(0.27)

2.0
32.3
(0 .0 6 ) (0.12)

male

40.9
(0.11)

6,4
(0.26)

2.2
(0 .0 6 )

0.05

0.01

p

<

(o.o6)

s/u1

0.0 5

N.S.

0,01

0.01

0.729
0.735

0.05

N.S.

Table X continued.

mole

Difference
Phospholipids,

composition (mean t S.E.)

1 6 :0

16*1

18:0

18:1

18:2

18:3

female

39.3
(0.14)

6.5
(0.53)

6.0
(0.16)

18.4
(0.19)

14,1
(0.30)

15.8
(0.38)

0.827

male

41.1
(0.68)
2
N.S7

5.2
(0.38)

6.2
(0.10)

19.0
(0.26)

14.4
(0.02)

14.1
(0.51)

0.898

N.S.

N.S.

N.S.

N.S.

1 6 .6

(1.08)

2.5
(0.35)

2 4
(0.08)

13.2
(o.6o)

(0.49)

28.3
(1.22)

0.235

14.2
(0.41)

2.2
(0.10)

2.2
(0.09)

13.2
(0.58)

36.4
(0.24)

32.0
(1.20)

0.196

N.S.

N.S.

N.S.

N.S.

N.S.

N.S.

Olycerolipid fraction
Fatty acids,

%

P <
female
male

Difference P

<

3 6 .8

s/u1

0.05

^"Ratio of the sum of saturated fatty acids to the sum of unsaturated fatty acids.

p

determined by two-tailed Student's t-test; N.S. means difference not significant.

Table XI.

Fatty acid composition of total lipid, phospholipid, andmajca? neutral lipid

fractions of testes of one-day-old male Hellothis virescans moths.
mole % composition (mean t S.E.)
16 tO

l6 i1

18* 0

18*1

29.9
(0.14)

6 .2

33.6
(0.19)

13.4
13.9
(0 .2 1 ) (0.09)

0.492

(0.07)

3.1
(0.03)

35.6
(0.23)

13.8
3.5
(0 .9 0 ) (0.24)

29.7
(0.58)

14.6
(0.52)

0.644

Diacylglycerol

39.8
(0.30)

22.3
(1 .9 8 )

Fatty acid

41.1
(0.17)

(0.46)

Lipid fraction
Total lipid
Triacylglycerol

Phospholipid

2 7 .8

4.4
23.1
(0 .2 1 ) (0.29)

18*2

18*3

2 .6

(0 .1 2 )

24.6
1.9
5.5
(0 h.6 9
2 ) (1 .1 0 ) (0 .8 8 ) (0.50)
7.2
(0.42)

2 0 .6
trace
3.0
(0 .1 2 ) (0 .1 2 )

35.6
3.9
(0 .2 6 ) (0.45)

8 .6

(0.19)

S/U1

24,4
(G.6 0 )

^Ratio of the sum of saturated fatty acids to sum of unsaturated fatty acids.

0.842
0.940
0.370

Table XII,

The fatty acid composition of total lipid, phospholipid, and major neutral

lipid fractions found in Heliothis virescens eggs following storage at -10°C t 5°
for 3 to 4 weeks prior to lipid extraction.
mole % composition (mean t S.E.)
16*0

16*1

18*0

18*1

4.1
6.4
36.1
(0 ,0 2 ) (0 .0 6 ) (0 ,0 2 )

18*2

0.667

1 0 .8
(0 .2 1 )

2.3
(0.08)

0 .7 0 0

trace

0 .9 8 2

20.3
(0.78)

5.5% trace
(0 .2 2 )

1.433

14.5
(0.46)

26.4
(0.55)

(0.43)

7.8
(0 .2 6 )

(0 .2 1 )

35.9
(0.08)

Triacylglycerol

1.4
3 8 .6
39.6
6.9
(0 .2 2 ) (0 .1 6 ) (0 .0 6 ) (0.35)

Diacylglycerol

40,6
(1 .0 0 )

1 1 .2
8.7
(1 .1 1 ) (0.38)

3 0 .8

8 .2

(0.87)

(0.67)

46,4
(0 .5 0 )

15.3
(0.73)

12.5
(0.77)

2 9 .8

(0.69)

7.1
(0.23)

25.4
(0.80)

5.0
(0.35)

Fatty acid
Phospholipid

S/U1

4.2
13.4
(0 .0 6 ) (0.03)

Total lipid

Monoac ylglycero1

18*3

2 5 .8

1 5 .0

7.2
(0.17)

0.795

1 0 .6
25.4
(0 . 1 ) (0.54)

0.497

■'■Ratio of the sum of saturated fatty acids to the sum of unsaturated fatty acids.

Table XIII.

The fatty acid composition of total lipid, phospholipid, and major neutral

lipid fractions found in Heliothis virescens eggs extracted in 6-12 hours after
oviposition.
mole

Total lipid

16*0

16*1

3 8 .6

5.4
(0.04)

(0.13)
Triacylglycerol
Diacylglycerol
Fatty acid
Phospholipid

6.4
39.9
(0 .11 ) (0 .0 7 )

%

composition (mean t S.E.)
18*0

2 2 .8

(0.39)

18*2

18*3

1 1 .2
1 .8
40.2
3.0
(0 .1 6 ) (0 .2 0 ) (0 .0 6 ) (0 .0 6 )
1 .1

(0.04)

1 6 .6
6 .2
40.0
(0 .6 2 ) (0 .6 1 ) (0.48)

45.0
(0.38)

18*1

41.2
9.6
(0 .1 0 ) (0.08)
3 0 .6

S/U1
0 ,6 76

1 .8
0

0.695

6.4
(0.46)

trace

0 .8 6 2

(0.84)

1 6 .6
17.9
(0 .0 6 ) (0.29)

8.9
(0 .1 0 )

3.6

1.6o4

(0.33)
4.3
(0.35)

6.9
(0.13)

12.3
(0.05)

0.424

8 .0

2 7 .2

2 6 ,2

(0 .1 6 )

(0.51)

^Ratio of the sum of saturated fatty acids to the sum of unsaturated fatty acids.

Table XIV.

A comparison of the fatty acid compositions of triacylglycerols from

selected tissues.^

mole

$>

composition

Tissue

16*0

16*1

18*0

18*1

18*2

18*3

Fat body, male

36.4

8 .1

1.7

32.4

1 6 .6

4.7

Fat body, female

34.9

8.7

2 .2

31.7

17.3

5.2

Flight muscle, male

38.4

9.8

4.1

28.7

15.9

3.1

Flight muscle, female

3 8 .6

8.4

3.6

28.8

17.1

3.6

Testes

35.6

1 3 .8

3.5

29.7

14.6

2 .6

Eggs, freshly extracted

39.9

6.4

1 .1

41.2

9.6

1 .8

1Data rearranged from Tables IX, X, XI, and XIII.

Table XV.

A comparison of the fatty acid compositions of diaeylglycerols from

selected tissues.1
mole

%

composition

Tissue

16*0

16*1

18*0

18*1

18*2

18*3

Fat body, male

38.3

5.2

4.4

2 3 .0

17.5

1 1 .6

Fat body, female

39.8

3.7

5.2

22.5

1 7 .8

1 1 .1

Flight muscle, male

40,9

6.4

2 .2

32.9

14.5

3.2

Flight muscle, female

41.4

7.8

2 .0

32.3

13.2

3.2

Testes

39.8

2 2 .3

5.9

24.6

5.5

1.9

Eggs, freshly extracted

40,0

1 6 .6

6 .2

3 0 .6

6.4

trace

1Data rearranged from Tables IX, X, XI, and XIII.

Table XVI.

A comparison of the fatty acid compositions of phospholipids from

selected tissues.'*'
mole

composition

Tissue

16*0

16*1

18*0

18*1

18*2

18*3

Fat body, male

24.5

1.4

9.8

14.0

32.3

18.0

Fat body, female

28.6

2.0

12.6

13.0

28,4

15.2

Flight muscle, male

14.2

2.2

2.2

12.2

36.4

3 2 .0

Flight muscle, female

16.6

2.5

2.4

13.2

3 6 .8

28.3

Testes

23.1

4.4

3.9

35.6

8.6

24.4

Eggs, freshly extracted

22.8

4.3

6.9

2 7 .2

2 6 .2

12.3

^Data rearranged from Tables IX, X, XI, and XIII.

Table

XVII.

Fatty acid compositions of intermediates in the structural analysis of triacylglycerols
from female pupal fat body of Heliothis virescens--Group A.

Compound
or
Calculation
Ib

Triacylglycerols

mole % composition (mean I- S . E .)
Position

N3

16:0

16:1

18:0

18:1

18:2

18:3

1,2,3

5

38.9
(0.12)

8.0
(0.02)

1.6
(0.02)

30.2
(0.05)

16.7
(0.04)

4.6
(0.03)

2

6

3.2
(0.07)

< 1.0

54.4
(0.67)

26.0
(0.20)

11.0
(0.26)

3

5.2
(0.52)

3.5
(0.12)

41.1
(0.53)

19.2
(0.78)

6.3
(0.37)

36.2

19.0

II

Monoacylglycerols

IV

PPhC

1,2;2,3

Diacylglycerols,calc.d

1,2;2,3

5.3
(0.70)
24.8
(1.49)
30.5

6.8

1.2

6.2

V

LysoPPh

1

3

66.3
(0.82)

3.3
(0.84)

6.0
(0.43)

11.9
(2.48)

12.4
(0.98)

<1.0

VI

2,3-PPh

2,3

4

25.6
(0.78)

9.7
(0.19)

2.9
(0.17)

40.8
(0.30)

15.6
(0.35)

5.4
(0.29)

(3xI)-V-II

3

45.1

17.5

0

24.3

11.7

(2xVI)-II

3

45.9

16.2

5.8

27.2

5.2

2.8
0

N = number of determinations.
b

See Figure 7.
Phosphatidyl phenols (PPh) before phospholipase A treatment.

d (3x1 + II) /4.
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Table X V I I L Fatty acid compositions of intermediates in the structural analysis of triacylglycerols
from female pupal fat body of Heliothis virescens--Group B.
Compound
or
Calculation
Ib

II

III

mole % composition (mean
Position

S.E.)

N3

16:0

16:1

18:0

18:1

18:2

18:3

Triacylglycerols

1,2,3

6

38.4
(0.22)

5.8
(0.03)

1.9
(0.06)

30.5
(0.08)

18.1
(0.20)

5.2
(0.12)

Monoacylglycerols

2

4

5.2
(0.22)

2.6
(0.11)

0.4
(0.10)

54.9
(0.23)

25.5
(0.31)

12.0
(0.29)

Diacylglycerols

1,2;2,3

4

30.6
(0.34)

4.2
(0.14)

1.6
(0.12)

36.9
(0.57)

20.6
(0.39)

6.1
(0.36)

Diacylglycerols,calc.c

1»2;2,3

36.6

20.0

30.0

5.0

1.5

6.9

V

LysoPPh

1

3

67.1
(0.93)

3.4
(0.44)

2.8
(0.09)

8.6
(0.21)

16.9
(0.13)

1.1
(0.07)

VI

2,3-PPh

2,3

3

22.4
(4.02)

6.2
(0.95)

1.5
(0.48)

41.6
(2.40)

20.2
(1.93)

8.1
(1.14)

VII

LysoPPH

3

3

33.2
(0.49)

8.9
(0.29)

2.7
(0.23)

39.1
(1.33)

15.0
(0.78)

2.5
(0.17)

(3xI)-V-II

3

42.9

11.4

2.5

28.0

11.9

2.5

(2xVI)-II

3

39.6

9.8

2.6

28.3

14.9

4.2

a

N = number of determinations.
7.

C (3x1 + II)/4.

120

b See Figure

Table XIX,

Fatty Acid Distribution in triacylglycerols from female pupal fat body of Heliothis virescens.

mole
Insects

Group A

Group B

Position

%

composition

16:0

16:1

18:0

18:1

18:2

18:3

1,2,3

38.9

8.0

1.6

30.2

16.7

4.7

1

66.3

3.3

6.0

11.9

12.4

1.0

2

5.3

3.2

1.0

54.4

26.0

11.0

3

45.1

17.5

0

24.3

11.7

2.8

1,2,3

38.4

5.8

1.9

30.5

18.1

5.2

1

67.1

3.4

2.8

8.6

16.9

1.1

2

5.2

2.6

0.4

54.9

25.5

12.0

3

41.2

10.6

2.6

28.3

13.4

3.4
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Table XX.

A comparison of Heliothis virescens pupal triacylglycerols and diet

from two independent studies.
mole # composition
14*0

16i0

16i1

18*0

18»1

18*2

18*3

20*4

0.3

33.8

8.6

0.9

45.8

7 .9

0.8

0 .7

38.4

6.9

1.8

30.^

17

4.9

TRIACYLGLYCEROLS*
Young pupae1

3-day-old female pupae2 trace

TOTAL LIPIDS
Dietary lipids1

0.7

21.3

trace

1.4

16.1

52.9

6.9

Dietary lipids-^

trace

22,2

1,6

1,8

16,3

44.7

13.5

^rom Wood e£ al, (19 69 ).

0.8

Data given in % composition, uncorrected for molecular weight.

2Mean of Group A and B triacylglycerols of this study,
^Diet described by Burton (1969)1 this study.
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Figure 1.

The biosynthesis of palmitic acid by the
fatty acid synthetase complex.
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Biosynthesis

of P alm itic Acid by the

Fatty Acid Synthetase Complex
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e n o y l- A C p V ^ N A D P +
reductase V*
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K
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H20
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\ H
0
-L
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*► CH3 -CH-CH 2 -C-S-ACP
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H
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c ro to n yl-S -A C P

Overall reaction:
8 acetyl-S-CoA +14 NADPH + 14 H+ + 7 ATP + H20
palmitic acid +

8

CoA + 14 NADP+ + 7 ADP + 7 Pi

ACP= acyl carrier protein
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Figure 2,

The biosynthesis of triacylglycerols.
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Triacylglycerols
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Figure 3.

The developmental stages of Heliothis viresecns.

photographed, used in these experiments. RIGHT TOP* pupa
ventral view. RIGHT BOTTOM* pupa-dorsal view.
adult female.

LEFT*

The classification and characteristics

of this insect follow Storer et al. (1972),

Taxonomic Classification

Distinctive Features of Taxa

Phylum*

Arthropoda

joint-footed animals,

Class*

Insecta

hexapoda, usually two pairs
of wings,

Subclass*

Pterygota

winged.

Division*

Holometabola

larval young, complete
metamorphosis,

Order*

Lepidoptera

moths, butterflies, scaled
wings,

Suborder*

Ditrysia

copulatory and genital
apertures,

Family*

Noctuidae

owlet moths, somber colored,

Genus*

Heliothis

voracious, destructive larvae,

Species*

virescens

tobacco budworm, feeds on
cotton and tobacco.
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Figure 4.

The nomenclature and structures of
various glycerolipids.
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Figure 5.

The biosynthesis of triacylglycerols by
the monoacylglycerol pathway.
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Biosynthesis

of

Triacylglycerols

The Monoacylglycero! Pathway

0

CH2OH
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2 - monoacy I- sn-glycerol
R,-C

CoA-SH

:-S-CoA

ac yl -C o A : monoacylglycerol
CoA-SH

acyltransferase

CH2OC-R|

q

0

c h 2o h

Rj-COCH

Ro-COCH

n

I

c h 2o h

n

c h 2o c - r 3

1,2 - d ia c y l- s n - g ly c er o l

2, 3-d iac y l-s n- gl yc e ro l

0=0

R, C-S CoA

-S-CoA

CoA-SH

CoA-SH

0 c h 2o c - r ,
r 2- c o c h

0

c h 2o c - r 3

1, 2 , 3 - triacyl - sn-glycerol

Figure 6.

A flow diagram of analytical procedures used

to characterize lipid fractions by determination of
fatty acid content.

(a) used only for female pupal

fat body lipid resulting in stereospecific analysis
of triacylglycerol; (b) applies to all lipid extracts
except diet and fecal lipids which were carried only
through indicated steps; (c) applies to all tissue
and egg lipid extracts; every tissue did not contain
all fractions.

GC = gas chromatography.

TISSUES, DIET, OR PECES
TOTAL LIPID
silicic acid
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fatty acid
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TRIACYLGLYCEROLS

NEUTRAL LIPID
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analysis

DIACYLGLYCEROLS

TRIACYLGLYCEROLS

MONOACYLGLYCEROLS

DIACYLGLYCEROLS

PATTY ACIDS
PHOSPHOLIPID

stereospecific
analysis
methylation

i o n—

-»
Figure 7

GC

GC

GC

GC

fatty acid
methyl esters

GC
GC
analysis

^Extraction methodology by Bligh and Dyer (1959).
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Figure 7.

Positions
2 + 3 fatty
acids

Stereospecific analysis of triacylglycerols as

performed in these experiments.
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OPENING

FIXED

RAISED "BUM PS” '

VENTRAL
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MOVEABLE

POSTERIOR

ANAL

OPENING

GENITAL

OPENING

VIEW
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STE R N ITE S
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VEN TR A L

r'igure 8.

POSTERIOR

VIEW

OF

FEMALE

STERNITE

STERNITE

PUPA

Anatomical differences used to distinguish

male and female pupae (Mosher, 1 9 6 9 ).
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Figure 9.

TLC separation of lipids on 0.25 mm activated

silica gel G plates developed in petroleum ether :
diethyl ether » glacial acetic acid (80;20;1),
fication of lanesi

Identi

FB = fat body total lipids;

MU =

flight muscle from males; C = standard mixture C
(Supelco); El = lipids from eggs stored before extrac
tion; E2 = lipids from eggs extracted without storage;
D = standard mixture D (Supelco); TS = testes.

Identi

fication of spots; HC,CE = hydrocarbon plus cholesteryl
ester at solvent front; TAG = triacylglycerols; FAME =
fatty acid methyl esters; CHOL = cholesterol; DAG 1 =
1,3-diacylglycerols; DAG 2 = 1,2(2,3)-diacylglycerols;
MAG = monoacylglycerols? PL = phospholipids at origin;
TLC standard mix C = cholesteryl palmitate, tripalmitoylglycerol, palmitic acid, and cholesterol.

TLC

standard mix D = trimyristoylglycerol, 1,3-dimyristoylglycerol, l,2(2,3)-dimyristoylglycerol, 1-monomyristoylglycerol.

Hc.ce

TAG

FAME
FFA

DAG2

MAG

f*L
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Figure 10.

Separation of the fatty acid methyl esters of

the quantitative standard.

Columni

10%

Silar-lOC on

100/120 mesh Gas-Chrom Q (6* x 1/8" stainless steel).
Oven temperature* 185°C.

Injector temperature* 230°G.

Detector temperature* 250°C.
rate* 19.7 ml/min.

Nitrogen carrier flow

Chart speed* 0.5 cm/min.

The

data heading of the GC terminal printout are* RT, the
actual retention time which is also printed near each
component peak} EXP RT, the expected retention time
based on previous chromatograms; AREA, area units
indicating relative size of component peaks and the
mass of each component passing through the detector;
and AMT, the mole

i>

value for each component.

Fatty

acid methyl ester identification by retention time*
3.33 = 14*0, 5 .0 6 * i6*o, 7.94 = 18*0, 15.34 = 18*3,
and 2 5 .1 0 = 20*4,
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1.00.00 E
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Figure 11,

Diacylglycerol fatty acid methyl esters from

female pupal fat body.
mesh Supelcoport,
temperature* 230°C,

Column*

10%

DEGS-PS on 80/100

Oven temperature* 170°C,

Detector temperature* 250°C.

Nitrogen carrier flow rate* 20.0 ml/min.
0.5 cm/min.

Injector

Chart speed

Fatty acid methyl ester identification

made by retention time* 4.85 = 14*0, 5.67 = 1 6 *1 ,
8.65 = 18*0, 9.88 = 18*1, 12.43 = 18*2, and 16.64 =
18:3.
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Figure 12.

Fatty acid methyl esters in the total lipid

from the insect laboratory diet.

Column: DEGS-PS

with the same operating conditions as described in
Figure 11 except carrier flow was 20.8 ml/min.

Fatty

acid methyl ester identification made by retention
time: 3.8? = 1 6 :0 , 4.51 = 16*1, 6.89 + 18:0, 7.88 =
18:1, 9.89 + 18:2, and 13.23 + 18:3.
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42.345
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H
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Figure 13.

Total lipid fatty acid methyl esters of feces

from the 5"th and 6th larval stages of Heliothis
virescens. Column* Silar-lOC with the same operating
conditions as described in Figure 10 except that
carrier flow was 19.4 ml/min.

Fatty acid methyl ester

identification made by retention timet 5.22 = 1 6 *0 ,
6.24 = 16*1, 8.22 = 18*0, 9.62 = 18*1, 12.09 = 18.2,
and 15.71 = 18*3.
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Figure 14,

Fatty acid methyl esters of l-acyl-2-lyso-

phenylphosphatide obtained from female fat body
triacylglycerols during stereospecific analysis,
Columm DEGS-PS with the same operating conditions
as indicated in Figure 11 except that carrier flow was
19.6 ml/min.

Fatty acid methyl ester identification

made by retention timei 4,63 = I6i0, 5 .3 0 = l6tl,
8.49 = 18i0, 9.73 = 18*1, 1 2 .2 3 = I8i2, and 1 6 .3 8 =
18t3.

Note that although the solvent peak masks

early components, results are nevertheless recorded.
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6
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Figure 15.

Fatty acid methyl esters of 2-monoacylglycerols

produced by reaction of pancreatic lipase with female
fat body triacylglycerols.

Column* Silar-lOC with

the same operating conditions as described in Figure
10.

Fatty acid methyl ester identification made by

retention time*

7.53 = 1 6 *0 , 9 .0 3 = 16*1, 11.88 =

18*0, 13.89 = 18*1, 17.51 = 18*2, and 22.85 = 18*3.
Note that injection of excess of four components is
necessary to quantitate the minor constituent 18*0.
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Figure 16.
for

10%

Log of relative retention versus carbon number
DEGS-PS on 80/100 Supelcoport (6* x 1/8").

Operating conditions were* oven temperature, 165°C{
injector temperature, 240°C; detector temperature,
250°C{ air pressure, 50 psi; hydrogen pressure, 26 psi;
nitrogen carrier flow rate, 20 ml/min.

The dashed

lines indicate the manner in which this plot is used
to identify fatty acid methyl esters as described in
MATERIALS AND METHODS.
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Figure 17.

Log of relative retention versus carbon number

for 10^ Silar-lOC on 100/120 Gas-Chrom Q (10' x 1/8'*).
Operating conditions were* oven temperature, 180°C;
injector temperature, 240°C; detector temperature,
250°C; air pressure, 50 psi* hydrogen pressure, 26 psi;
nitrogen carrier flow rate, 20 ml/min.

155

LOG

OF

R E L A T IV E

R E T E N T IO N
X6
X5

(16 '

V E R S U S CARBON N U M B E R FOR
1 0 % S I L A R - I O C ON 1 0 0 /1 2 0
G A S -C H R O M Q

0.6 0 .4 -

02
.

-

0-

02
.

-

LOG

OF

CORRECTED

xo

08-

RELATIVE

RETENTION

RATIO

//

-0 .4 -

-

0.6 -

10 II

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
CARBON

NUMBER

C
C

c

R P A L MW, MDI.PCT
niMFMSIHM SAMPLF (20)
niMEWSinN m w (7 ) ,A 17 ) ,MnLPCT(7),T(7)
DATA M W / 2 4 2 . 39,2 70.4ft,26 8.4 4 , 2 9 8 . 5 1 » 2 9 6 . 5 , 2 9 4 . 4 8 , 2 9 2 . 4ft/
ENT FR NUMRER DF GLC SAMPLES
N=21
DO 4 J=1,N
PRINT TEN RESULTS PER PAGE
IF(J.EO.ll) Gn TO 7
IF! J . F Q . 2 1 ) Gn TH 7
IF1J.EQ.31) GD TO 7
Gn Tn 3
7 W R I T E (6 »43)
43 F D R M A T (1 H 1 )
rfad

in

areas

3 R F A D (5 , 1.0 )A
10 F O R M A T ( 7 F 1 0 . 0 )
C CALCULATE DENOMINATOR
0 = 0.
0091=1,7
T ( I )= A (I )/MW(I )
9 n=n+T(I )
0051 = 1 ,7
5 MO LRC TI I) =T ( I) *1 00 ./ n
REA D( 5,30)SAMPLE
30 F O R M A T (2 0 A 4 )
WRITE(ft,40)SAMPLE
40 FORMAT!1H0,20A4)
WRITF(ft,15)A
15 FORMAT ( IX, '14 0 A
= ',F7 . 0 ,4X, 1lft 0 A= •,F 7 .0 ,4x , ' 1(3 ]. A =»,F7.0,
14X,'18 0 A =' ,F7.0/,1X, '18 1 A= ' ,F7 .0 ,4X , •18
2 A =',P7.0,4X,
? • 1 3 3 A = 1 , F 7 .0 )
W R IT E (6 *1 ft)M 0 L ? C T
In F O R M A T (1X, 'MOLDCT 14 0 = ' ,F 5. 1 , 5X , •MOLPCT 16 0 =',F5.1,5X,
l'MOLPCT 16 1 =' ,F5.1,5X,'MOLPCT IK 0 =',F5.1/,
?]X,'MOLPCT 18 1 = ' , F 5 .1,5 X , 'MOLPCT 18 2 =',F5.1,5X,
3 'MOLPCT 1R 3 =' ,F5 . 1 )
4 CONTI Ml IF
STOP
FMO

Figure 18.

A computer program written in Fortran IV which was used to calculate mole

data from chromatograms generated by the Perkin Elmer 990 gas chromatograph.

%

157

CALCIUM CHLORIDE
DRYING TUBE

CONDENSER

ADDITION

HEATING

FUNNEL

MANTLE

MAGNETIC
STIRRER

igure 19.

:in apparatus designed by

communication,
performed.

. i.arimian

personal

in which irignard reactions wore

158

Figure 20.

A star graph of relative differences in total

lipid fatty acids of insect diet ( ■■— —■) and female
fat body (— -- ),

The means of diet total lipid

fatty acids were each normalized to form the regular
hexagon.

The arithmetic factors required to normalize

each fatty acid of the diet were then applied to the
same fatty acid mean from female fat body lipids.
The resulting figure indicates relative changes for
each fatty acid between the two samples.

Each fatty

acid axis is unique, however, and can not be compared
quantitatively to any other axis.
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A star graph of differences in total lipid

fatty acids of larval diet (—
feces (— — ).
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Figure 22.

TLC analysis of total lipids from pupal

exuviae.

Silica gel G plates (0.25mm thickness) were

developed ins (A) petroleum ether s diethyl ether s
glacial acetic acid (90s 10s1) or (B) benzene.
Identification of laness C = TLC standard mix C (see
Figure 9); CU = pupal exuviae cuticle lipids; WXE =
wax ester standard, octadecyl elaidate (Analabs, Inc.,
North Haven, Conn.); D = TLC standard mix D (see
Figure 9),

Abbreviations for spots are the same as

in Figure 9 with these additions; SE = steryl esters;
DAG = both 1,2(2,3)- and 1,3"diacylglycerols; WXE =
wax esters; ORIG = origin.
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Figure 23.

Photographs of Heliothis virescens eggs.

(A) Eggs photographed on the cheesecloth on which
they were laid.

The eggs are round and yellow

immediately after oviposition, but darken in color
after 12-21+ hrs.

(B)

The eggs are compared in size

to perforations of a postage stamp.
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Figure 24.

A model of a typcial Heliothis virescens

triacylglycerol, 1-palmitoy1-2-1inoleoy1-3“
palmitoleovl-sn-glvcerol, Color code: carbon atoms,
black; hydrogen atoms, white; carbonyl oxygen atoms,
large red units facing upward; ester oxygen atoms,
small red units only partially visible,

Cis double

bonds are apparent in the linoleoyl group of position
2 and the palmitoleoyl group of position 3«

s *

r # M « ».
®

;SMI

DISCUSSION

The purpose of this study has been to characterize the
glycerolipids of several tissues from Heliothis virescens
and to examine the positional distribution of fatty acids in
fat body triacylglycerols. Pew reports are available which
examine in detail the major classes of glycerolipids, such as
triacylglycerols, diacylglycerols, monoacylglycerols, and
glycerophospholipids, of different tissues of the same insect
species.

The understanding of tissue-function relationships

for individual classes of lipids necessitates such analyses.
Whether structural requirements are necessary for triacyl
glycerols in performing their role in energy storage is not
clearly understood for any living species.

If the efficient

storage of triacylglycerols is dependent upon certain struc
tural requirements, examination of triacylglycerols from many
species will be necessary before a reasonable hypothesis can
be founded.
The analyses of fatty acid composition of triacyl
glycerols from many insect species have been reported, but
positional distribution of fatty acids within the triacylglycerol molecules has been examined for only Tenebrlo
mgJUtpr (Brockerhoff

si

(Municio £& &1., 1975).

&1. t 1966) and Ceratitis capitata
Neither of these insects is a

lepidopteran.
16?
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The major fatty acids found in He1lothis virescena.
palmitate , palmitoleate, stearate, oleate, linoleate, and
linolenat®, are typical of those observed in other insects
and in higher animals (Fast, 1970)e In the female pupal fat
body, the fatty acid composition of total lipids, the neutral
lipid fraction, and triacylglycerols are essentially the same
which is not surprizing because the fat body contained most
of the insect's lipid.
acyglycerol.

Of the total lipid, 90-95# is tri-

These observations are substantiated by the

reports of Karnavar and Nayar (1973) and Wood §£ &1. (19 69 ),
In the present findings with fttliojEJbla xi££S££na. the most
plentiful fatty acids found in triacylglycerols were palmi
tate (36 mole #), oleate 30 mole %), and linoleate
(20 mole #).

Lesser amounts of palmitoleate, stearate, and

linolenate were always present. Myristate was evident in
trace quantity (less than 1 mole %).

No trans fatty acids

or arachidonate were found in the fat body lipids or in any
other tissue lipids examined.
Triacylglycerol is the major lipid component of all
insects at all stages (Gilbert, 1967 ).

The amount of palmi

tate usually exceeds that of stearate and monoenoic fatty
acids are more abundant than dienoic fatty acids (Fast, 1970).
The Hgjlothia Jlr.tas.ffla lipid composition conforms to this
lip id pattern.

The fatty acid compositions among lepidop-

terans, in general, show large variations (Fast, 1970).

Even

within the Family Noctuidae, in which Heliothis yiragSfflS is
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classified, the fatty acid content differs considerably.

The

larvae of Heliothis zea (Boddie), the corn earworm or bollworm, are characterized by 12.0$ linoleate, but have a very
elevated linolenate content of 31.8$ (Schaefer, 1968).
Wood

nl® (1969) analyzed the triacylglycerol fatty

acid composition of whole Heliothis virescens and found the
same fatty acids as in this study plus arachidonate. The
amounts of triacylglyeero1 fatty acids in young pupae,
however, differed from those reported herein (Table XX ).

The

quantity of oleate exceeded that of palmitate. Even more
pronounced were the reduced linolenate and linoleate values
reported by Wood jtfl Hi.

It must be noted that these experi

ments were performed approximately 8 years apart and that
some variation among insect groups and different methodology
may be expected.

The differences illustrated here (Table XX )

may be greater, however, than can be explained by such
anticipated variations.
Accumulated evidence has shown that lepidopterans are
capable of fatty acid synthesis (Lambremont, 1971), but the
degree of dietary influence upon the synthetic activity is
varied among species and difficult to determine (Past, 1970 1
Gilbert, 1967).

The differences in fatty acid composition

of triacylglycerols of the Ifellfli&lg. £iESLg£gna grown by Wood
Si Hi* (1969) and those utilized in this study are perhaps
explained by dietary differences.

If so, examination of the

diet compositions and the respective effects upon the insect

170

triacylglycerol fatty acid compositions may allow us to specu
late on the role of the diet in fatty acid synthesis in
HftliPthig virescens and to compare this species with other
Lepidoptera.
Because both diets are considerably different from the
fatty acid composition of the pupal major lipid fraction,
triacylglycerol, it is obvious that

virescens has

considerable fatty acid synthetic capability and perhaps is
able to select certain fatty acids for use.

This latter

point will be discussed later in terms of intestinal absorp
tion,

Palmitoleate concentration, for example, is increased

fivefold in the insect over that of the diet.

Palmitate and

oleate content in triacylglycerols are also elevated as com
pared to the values for total lipid fatty acid compositions
of the diet.
The diet used by Wood a£ al. differed from the diet
described in this study in its polyunsaturated fat composition
(Table XX),

Palmitate, palmitoleate, stearate, and oleate

values in the diets were approximately equal, The diet used
in this study contained a twofold increase in linolenate,
less linoleate, and no arachidonate as compared to the diet
reported by Wood at &!•

Wood a£ gJL. reported the presence

of arachidonate in the insects as well.
The role of polyunsaturated fatty acids in insects is
not understood.

It is believed that lepidopteran species

require either linoleate or linolenate or both in the diet.
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Inadequate quantities of polyunsaturated fatty acids in lepidopterans results in impaired pupal eclosion (Fraenkel and
Blewett, 1946) and inadequate wing extension (Chippendale
Si al.9 1964 and 1965)®

The increased linolenate content of

our diet is reflected in increased fat body linoleate and
linolenate composition as compared to the insects of Wood
§1 si®

Since H&liatMa yJxfeg&ana presumably can not synthe

size linolenate, it is not surprizing that low dietary lino
lenate supplies are reflected in low tissue triacylglycerol
linolenate content. The decreased linoleate in the insects
analyzed by Wood si al® in spite of a greater dietary lino
leate level than in our studies, indicates that the ratio of
these two polyunsaturated fatty acids may have an effect upon
C^g composition and may trigger or control the synthesis of
oleate.

Fast (1970) in analyzing fatty acid compositions of

various lepidopterans noted that at low levels of tissue
linolenate, oleate was elevated.

He did not, however, note

a negative correlation for linolenate and linoleate in
Lepidoptera.
A comparison of these data shows that HeJLiotills
virescens fatty acid compsotion is not species-specific and
does indeed vary considerably with diet changes.

Furthermore,

it may be inferred that only low levels of linolenate are
required by this species or that linolenate is not an abso
lute dietary requirement because this species has been shown

172
to survive on relatively little dietary linolenate (Wood
et al., 1969 ).
Diets such as those used in both of these Heliothis
virescens studies may be low in linolenate and linoleate
compared to natural food sources and may, therefore, impose
changes in lipid composition in the insect (Turunen, 197*0.
Studies with Heliothis zea (Schaefer, 1968) and Pieris
brassicae (Turunen, 1973s 197*0 have shown that these two
species synthesize more oleate when the diet is low in lino
lenate . There may be a sparing effect of oleate and perhaps
palmitoleate on the amount of linolenate required.

In addi

tion, Turunen (1973) reported that for the lepidopteran
Pieris brassicae. a high level of dietary linoleate interfered
with the uptake of dietary linolenate and a fixed quantity of
linolenate plus linoleate may be absorbed. Turunen also
believes that linolenate is of primary importance as a
structural fatty acid in phospholipids.
A simple comparison of dietary total lipid fatty acids
with the lipids of the insect to determine the effect of the
diet on the insect tissue lipid composition assumes, perhaps
erroneously, that lipids are absorbed in the same proportions
as they occur in the diet.

In these studies of Heliothis.

virescens. the analyses of feces collected from 5th and 6th
instar larvae indicate that selective absorption of certain
fatty acids occurs.

Larvae during these growth periods con

sume the greatest quantity of food and accumulate the most
triacylglycerol in the fat body.
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During the digestion process, Hellothis virescens
removes approximately 70# of the lipid from the diet.
Furthermore, the undigested lipids remaining in the feces
contain the same fatty acids as in the ingested diet, but the
proportions of each of these fatty acids are significantly
different.

If the absorption of lipid in the midgut follows

random selection of dietary lipids, a decline in total fecal
lipid is expected, but overall fatty acid composition of that
fecal lipid would not differ from that of the diet.

The

absorption process is clearly nonrandom in the removal of
dietary lipids.
Even more interesting is the comparison of fatty acid
compositions of the diet and the feces.

The levels of palmi

tate, stearate, and oleate are significantly greater in the
feces.

A concommitant decrease in linoleate and linolenate

is observed.

The greatest change was the decrease in fecal

linolenate by approximately one-third of the dietary amount.
It is important to note that those fatty acids occurring in
greatest proportions in the feces, palmitate, stearate, and
oleate, are fatty acids that can be synthesized by the insect.
The content of palmitoleate, which can also be synthesized
de novo, is not significantly different from the dietary
level.

Linoleate and linolenate which are considered essen

tial for lepidopterans (Turunen, 197*0 are accumulated in
greater quantity than the other fatty acids during absorption.
It is apparent, therefore, that Heliothis virescens can

17^

selectively absorb those fatty acids which it can not synthe
size

novo.
Relatively little study has been devoted to the

digestion of lipids in insects, Digestive lipases of the
midgut hydrolyze triacylglycerols, the most abundant lipid
fraction of the diet, to diaeylglycerols and fatty acids
(Wientraub and Tietz, 1973)•

Diaeylglycerols and fatty acids

are the lipid products most easily transported across the
anterior region of the midgut wall into the hemolymph*

In

the heraolymph, diaeylglycerols (and probably fatty acids)
are transported attached to circulating lipoproteins, and
ultimately enter the fat body where resynthesis of triacyl
glycerols and phospholipids occurs,
Turunen (1975) extensively studied absorption and
transport of dietary lipids in Pieris brassicae. This
species utilized triacylglycerols and fatty acids equally
well and hydrolyzed trilinoleate, trioleate, and trilinolenate, although hydrolysis may not have occurred at the same
rates.

Locust_a migratoria. for example, digested only

minimal amounts of tripalmitate (Wientraub and Tietz, 1973).
Selective absorption of fatty acids by Pieris brassicae
is known to occur (Turunen, 1975).

When fed a diet con

taining large quantities of erucic acid, Pieris brassicae
absorbed none of the erucic acid.

Turunen also found that

in this lepidopteran, linolenate was accumulated from the diet
at a faster rate than oleate.

The biological half-life was
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also longer.

The sequestering of linoleate and linolenate

in glycerophospholipids is known for many other lepidopteran
species (Fast, 1970).
The influence of dietary lipids on overall insect
lipid composition and metabolism becomes more difficult to
define if the regulation of absorption of individual fatty
acids must be considered.

The selective behavior of an

insect towards certain compounds during digestion is undoubt
edly influenced by many factors including the developmental
stage of the insect, the total composition of the food source,
and even temperature and seasonal variations in the insect *s
environment.
Another factor to be considered is sexual dimorphism.
No attempt was made in this present study with Heliothis
virescens to determine the sex of the larvae from which the
feces were collected.

Wientraub and Tietz (1973) noted no

differences in fat absorption for male and female Locusta
The studies of absorption in Pieris brassicae
were performed with mixed groups of male and female insects.
In light of evidence that sexual dimorphism in lipid content
and metabolism occurs in lepidopterans and other insects
(Gilbert, 1967), additional study of sexual dimorphism in
lipid absorption will be necessary.
Lipids selected from the diet for absorption begin
transformat ion within the gut wall.

Products of these meta

bolic processes are available to the remainder of the body
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via the hemolymph.

The circulatory system of the insect is

open in that virtually all tissues are bathed in hemolymph.
The principal circulating lipids are diaeylglycerols, pri
marily 1,2(2*3)-diaeylglycerols which are conjugated to
lipoproteins, with lesser amounts of triacylglycerols and
fatty acids.

The occurence of 1,3-diacylglycerols is diffi

cult to assess since this fraction forms from isomerization
of the less stable 1,2(2,3)-diaeylglycerols during isolation
procedures.

The fat body sequesters circulating diacyl-

glyeerols from the hemolymph for synthesis of triacyl
glycerols (reviewed by Gilbert and Chino, 197*0.

The

glycerol 3"Phosphate pathway is also functional in fat body
tissue (Tietz, 1969 ),
Upon demand, the fat body supplies energy in the form
of diaeylglycerols from the partial catabolism of triacyl
glycerols to other tissues via the hemolymph.

Lipid is used

extensively by flight muscle during flight and the ovaries
during egg production.

Little information is available on

lipid metabolism in insect testes.

The testes are assumed

also to relie heavily upon lipid as an energy source during
spermatogenesis.
These four tissues, the fat body, flight muscle,
ovaries, and testes, are diverse in form and function? yet
all relie upon lipid metabolism for energy.

The flux of

lipid among these tissues is a dynamic process.

Within each

tissue, the balance of the different glycerolipid fractions
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is such that the energetic and structural requirements of the
organ are met.

It is through examination of the various

glycerolipid fractions as they occur in individual tissues
that we may eventually understand the relationship between
lipid structure and function within the tissue.
The early pupal fat body of Heliothis y^yesgejoa
contains predominantly triacylglycerols and lesser quantities
of diaeylglycerols and phospholipids.

The composition of

insect fat body lipids varies considerably from species to
species, but triacylglycerols often equal 90?& or more of the
total lipid (Turunen, 197^1 Chippendale, 1973? Wood et al..
1969).

No monoaeylglycerols were detected in Heliothis

y.iEgacens fat body.

Tietz

al. (1975) reported that a

2-raonoacylglycerol pathway in lafiMLta migxatoria fat body
specifically synthesized 1,2-diacylglycerols from 2-monoacylglycerols.

If such a pathway exists in Heliothis virescens.

the turnover rate for the 2-monoacylglycerol intermediates
may be so rapid that the small amount present is not detect
able by the methods used in this study.

Tietz §1 al. (1975)

believe that the 2-monoacylglycerol pathway may provide
diaeylglycerols for release and mobilization in the hemo
lymph.

In the adult locust, the activity of such a synthetic

mechanism may be quite different from that of an insect not
yet capable of flight.

As has been demonstrated by Municio

et al. (1975)» an insect's capability for lipid synthesis
varies greatly with the stage of development.
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During the pupal stage, food is no longer ingested
and accumulated lipids are utilized to supply the energy for
metamorphosis.

The diaeylglycerols evident in pupal lipid

extracts may result from a one-step deacylation of the tri
acylglycerols in preparation for transport. The fat body
phospholipids are presumably formed via the glycerol 3phosphate pathway from phosphatidic acid (Tietz gi al., 19 69 )
as are diaeylglycerols which are synthesized <|e novo. If
the diaeylglycerols and phospholipids found within the pupal
fat body originate from the same pool of phosphatidic acid
intermediates, the fatty acid composition should be similar
unless only certain diaeylglycerols are selected for phospho
lipid synthesis from the transport pool.

Analysis of the

pupal diaeylglycerols and phospholipids from Heliothis
virescens indicate that the difference in fatty acid compo
sition is too great to allow for random synthesis of phospho
lipids from a pool of similar origin as the diaeylglycerols.
The phospholipids contain more unsaturated fatty acids than
either diaeylglycerols or triacylglycerols of the fat body.
The proportions of the fatty acids in the phospholipid frac
tion emphasize the importance of the C^g fatty acids, particu
larly linoleate and linolenate,
Sexual dimorphism is not apparent for the fat body
diacylglycerol and triacylglycerol fractions, but the
phospholipids of male Heliothis virescens fat body are more
unsaturated than those from the female pupal fat body.

If
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the fatty acids obtained from dietary absorption and de
novo synthesis are the same for male and female Heliothis
virescens. sequestering of unsaturated fatty acids in the
phospholipid fraction may be a means of conservation of
essential fatty acids in the male insect. Sexual dimorphism
in the conservation of lipid has been noted for other
lepidopteran species (Gilbert, 19671 Fast, 1970?
Turunen, 197*0.
A preeursor-product relationship clearly exists for
the fat body diaeylglycerols and triacylglycerols, but which
is the precursor and which is the product?

The pupa in its

beginning stages of metamorphosis must convert from a meta
bolism designed for accumulation, synthesis, and storage of
lipid reserves to a catabolic system in which energy reserves
are utilized for the synthesis of new tissues.

It is most

likely, therefore, that the diaeylglycerols present are the
result of deacylation of triacylglycerols. Both 1,2(2,3)diaeylglycerols and 1,3-diacylglycerols were observed in
thin-layer chromatographic separations of the acylglycerol
fractions.

Because 1,3-diacylglycerols are easily formed

from spontaneous isomerization of 1,2(2,3 )-diacylglycerols,
the relative amounts of these two fractions and the nature
of the triacylglycerol deacylation reaction can not be
determined.

The positional distribution of fatty acids in

the triacylglycerol molecules and the implications for
diacylglycerol fatty acid composition will be considered later.
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Unfortunately, attempts to isolate fat body from adult
insects failed.

In the moth, the fat body no longer domin

ated the abdominal cavity and instead, consisted of white
globules of lipoidal tissue which adhered to other organs
and the lining of the cavity.

Pat body could not be sepa

rated from immature eggs, but it was easily removed from the
testes.

Analysis of moth fat body would have provided a

better point of comparison for the adult flight muscle.

As

indicated by Wood g£ al, (1969) and Harlow at Hi* (19 69 ),
the changes in lipid composition of whole insects with meta
morphosis were characterized by decreases in unsaturated
fatty acids.

It must be remembered, therefore, in comparing

the fat body and flight muscle lipids that differences in
composition are the result of both tissue variations and
metamorphic alterations.
The flight muscle is an organ of great metabolic
activity.

Phospholipids are essential for maintenance of the

numerous membranes and the stability of enzymes required for
oxidative metabolism.

It is not surprizing, therefore, that

phospholipids are the most abundant of the muscle glycerolipid fractions,

Diaeylglycerols (presumably transported

from the fat body), cholesterol and cholesterol esters (the
sterol components of the membranes), and lesser quantities
of triacylglycerols and fatty acids are also present in
lipid isolated from flight muscle.
During isolation of flight muscle tissue, it was noted
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that traces of fat body infiltrated the muscle.

The fat body

could not be removed uniformly and therefore had to be
included in the muscle preparation.

The fat body tissue in

close association with flight muscle may be an immediate
source of energy reserve. Recent studies on lipid transport
in insect hemolymph indicate that the quantity of hemolymph
triacylglycerol is usually small relative to diacylglycerol
content (Gilbert and Chino, 197*0.

Furthermore, flight

muscle probably has a limited capacity to synthesize tri
acylglycerols, because its metabolic needs require the catab
olism of these molecules.

Hence, the triacylglycerols

observed in muscle lipids probably originate from the fat
body tissue within the flight muscle itself.
Male muscle triacylglycerols tend to be more saturated
than those from female muscle tissue, although the differences
noted were not statistically significant.

The triacyl

glycerols also contains more saturated fatty acids than pupal
fat body triacylglycerols. Saturated fatty acids may be the
preferred fuel for muscle because more energy per molecule is
available (Schemmel,.19 76 ).

The difference in saturation may

be due also to the change in metamorphic stage.

Wood si al.

(19 69 ) demonstrated with whole Heliothis virescens that the
amount of unsaturation decreases with aging.

The muscle

diaeylglycerols are even more saturated than triacylglycerols.
Some selection of molecular species may be occurring.
is the principal fatty acid in the triacylglycerol and

Oleate

182
diacylglycerol fractions whereas linoleate and linolenate are
most abundant in the phospholipids, As was observed with
the fat body lipids, the diaeylglycerols and phospholipids
in flight muscle clearly originate from different metabolic
pools or from selective utilization of certain molecular
species within a single pool,

Deacylation-reacylation mech

anisms in the synthesis of mammalian phospholipids have been
documented for the insertion of stearate and arachidonate
moieties into phospholipid molecules (Numa and Yamashita,
197^).

In the

ylrftgfiflnfl fat body and muscle

lipids, stearate content in phospholipids is approximately
equal to that found in diaeylglycerols and no arachidonate
was discovered in either fraction.

The possibility that

deacylation-reacylation reactions may occur can not be
eliminated.
Logically, the neutral lipids are expected to turnover
more rapidly than the phospholipids involved in structural
function.

The content of the fatty acid fraction is a

puzzling intermediate between the fatty acid compositions
of the neutral and phospholipid fractions.

The fatty acids

present must either originate from slg. novo synthesis or from
degradation of acylglycerols.

The large quantities of

palmitate and stearate may be indicative of their immediate
use as flight fuel.

Both are either equal to or elevated

above the diacylglycerol levels.

Particularly interesting

is the observation that stearate, which is threefold greater
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as the free acid than as that esterified to diaeylglycerols,
may result from saturation of unsaturated C^g fatty acids,
from selective deacylation reactions, or from accelerated
synthesis.

Because fatty acid synthesis most often culmin

ates in palmitate as the product in the fatty acid synthetase
system, stearate production may involve a special synthetic
system or an elongation process (Bloch and Vance, 1977).
The elevated amounts of oleate and linolenate in the
fatty acid fraction of muscle are interesting in comparison
to some studies of flight muscle metabolism in Pieris
brassicae. Turunen (19740 noted that linolenate was not an
important energy source in Pieris brassicae. It was not
metabolized to C^g analogs, but was incorporated into adult
phospholipid and lost from the neutral lipid fractions.

The

flight muscle of female and male Pieris brassicae oxidized
both palmitoleate and oleate.

Males, however, utilized more

fat during flight and oxidized oleate preferentially (Turunen,
1975)•

Palmitate was oxidized at equal rates in male and

female moths, but the females synthesized palmitate at a
faster rate.

That synthesis occurred was shown by the incor

poration of radioactively-labeled palmitate into both diacylglycerols and fatty acids of flight muscle. Van Handel and
Nayar (1972) also reported that the fall army worm moth,
Spodoptera frugjperda. when flown to exhaustion, showed
decreased radioactivity in diaeylglycerols and triacylglycerols,
but total lipid content remained unchanged.

The turnover time
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for radioactive diaeylglycerols was 1 hr during insect flight
and 6 hr at rest.
The phospholipid fractions of the fat body and flight
muscle are very different from each other and are probably
more related to function than metamorphic stage. No sexual
differences in lipid content were noted for flight muscle.
Female muscle phospholipids tend to be more Saturated than
male phospholipids.

The sequestering of linoleate and parti

cularly linolenate in muscle phospholipid at the expense
of saturated fatty acid content is the most obvious tissue
difference between fat body and muscle lipids.

Examination

of various classes of phospholipids would provide a better
delineation of the distribution of these fatty acids.
According to Turunen (1975)» linolenate is particularly
abundant in cardiolipin in flight muscle.
Whereas the ultimate function of flight muscle is
locomotion, the testes and ovaries are concerned with the
synthesis of new tissues, the sperm and eggs.

Because phos

pholipid is required in large quantity for the synthesis of
membranes, it is reasonable that the largest lipid fraction
in the testes is phospholipid,

Diaeylglycerols, triacyl

glycerols, cholesterol, cholesterol ester, and fatty acids
are also present, but monoacylglycerols are not detected.
Without exception, palmitoleate in all glycerolipid
fractions was elevated above that found in either pupal
fat body or flight muscle.

Increases in palmitoleate were
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much more pronounced for the neutral lipid fractions than
for phospholipids.

With the exception of palmitoleate, the

fatty acid composition of testicular triacylglycerols is
similar to that of pupal fat body, if the slight decline in
C^g unsaturated fatty acids of testes is due to the differ
ence in metamorphic stages.

Fat body tissue was carefully

removed from the testes and the triacylglycerol content is
not the result of fat body infiltration.
The phospholipids from testes are unique from that of
either fat body or flight muscle because linoleate is
decreased while linolenate is greater by threefold.

No

unusual fatty acids were found in any testicular glycerolipids.

Dial (1976), however, reported the presence of a

Clg trans fatty acid, elaidate, in the testes of the house
cricket, Ashg.ta damastisaia.
The role of palmitoleate in the testes is unknown.
Because the excessive amounts of palmitoleate are associated
with neutral lipids, it is assumed xo not be required for a
structural role in pnospholipids.

The testes must synthe

size palmitoleate specifically or select certain molecular
species containing palmitoleate for accumulation.

It is pos

sible that the excess of palmitoleate in the neutral lipid
fractions spares polyunsaturated fatty acids so that more
linoleate and linolenate are available for phospholipid
synthesis.

So little information is currently available

on insect testicular lipids that no other explanation is
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obvious at the present time.
The analysis of

3CjX&agjmS- egg lipids

required the accumulation and storage of eggs for several
weeks until enough material was available.

Examination of

egg lipids from cold storage revealed unexpectedly high quan
tities of monoacylglycerols and fatty acids.

When the

experiment was repeated, eggs were collected and extracted
daily and the lipids were combined and frozen until analyzed.
The egg lipids thus obtained included no detectable monoacyl
glycerols and only small amounts of diaeylglycerols and fatty
acids.

Triacylglycerols and phospholipids were the dominant

fractions.

Inadvertently, therefore, it was discovered that

lipases must be active within the insect egg at subzero
temperatures for at least a month.

The inference is that

during cold storage, triacylglycerols are degraded to partial
glycerolipids ana fatty acids.

Although great changes within

the neutral lipid fractions were observed when eggs rather
than egg lipid extracts were stored below freezing, the
amounts of phospholipid present were approximately the same.
The presence of lipases active at low temperatures in
insect tissues is well-documented, but little study has
concerned such enzymes in lepidopterans. Guss (1 9 6 9 ) reported
that the triacylglycerols in the eggs of two coleopteran
species of corn rootworms, BiakaaMgfi

howardi

Barber and RiajHaajfejlSfl 3dX&L£&ra Leconte, underwent extensive
lipolysis when stored for 2 weeks at -20° to -2^°C,

The
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resulting lipid fraction contained large quantities of fatty
acids, monoacylglycerols, and diacylglycerols and was similar
to the lipids of HeliotMa vlEe_Bcenfl eggs following cold
storage. A lipase isolated and characterized from corn
rootworm eggs hydrolyzed numerous triacylglycerols tested,
but at different reaction rates.

Triolein in the presence of

the isolated lipase was hydrolyzed to oleic acid and glycerol
without accumulation of any partial glyeerolipids (Krysan
and Guss, 1973).
In an intact lipolytic system such as in the Heliothis
virescens eggs studied here, the compartmentation of enzymes,
substrates, and products may result in metabolic control not
found in in vitro experimental systems.

The accumulation

of monoacylglycerols in much greater quantity than diacyl
glycerols indicates that the enzyme(s) react at different
rates with these intermediates and that the final breakdown
of monoacylglyceroIs may be the rate-limiting step in the
total lipolytic process.

More than one enzyme may be required

in the in vivo situation.

Podor (19^8) discovered and char

acterized two different enzyme systems for the hydrolyses of
low and high molecular weight triacylglycerols in grass
hopper (?ChiB.tQg.eEfia gcggacia) embryos.
The occurence of large amounts of triacylglycerols and
phospholipids in eggs of many insect species has been
(Kinsella, 19661 Christie and Moore, 1972).

In the lepidop-

teran, and most other insects, lipid from the fat body is
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accumulated by the developing oocyte.

In the moth,

Hyalpphora cecropla, approximately 70^ of the triacyl
glycerols in the oocyte are serived from fat body
(Wiemerslage, 1976 ).

It is not surprizing that insect egg

triacylglycerols are often similar to those of the fat body
(Turunen, 197*0.

The triacylglycerols of Heliothis virescens

eggs contain slightly more saturated fatty acid than pupal
fat body triacylglycerols, but as has been noted before, this
difference may be due to metamorphic changes,
That the triacylglycerol lipids from fresh and stored
eggs are very similar in fatty acid composition indicates
that selection of triacylglycerol molecules for hydrolytic
attack is probably random.

The slight increases in linoleate

and linolenate in triacylglycerols from eggs kept in cold
storage, if significant, may indicate some conservation of
these two fatty acids.
The fatty acids from eggs extracted after cold storage
are twice as unsaturated as those from eggs extracted within
12 hours after oviposition.

Although the selection of tri

acylglycerols for hydrolysis appears random, the nature of
the fatty acid pool clearly does not reflect total triacyl
glycerol composition.

The fatty acids are the final products

which are utilized for energy or for formation of other
organic compounds required in the building of new membranes
and tissues.

The saturated fatty acids provide the most

efficient fuel and hence, may be removed from the fatty acid
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pool quickly*

The conservation of unsaturated fatty acids

for the biosynthesis of phospholipids is reflected in the
composition of the fatty acid fraction.

The turnover rate of

these compounds is slower, because they are utilized only
as new structures develop.

Thus, the accumulation of unsat

urated fatty acids occurs.
In contrast, the monoacylglycerol fraction found in
eggs after cold storage contains primarily saturated or
monounsaturated fatty acids.
diacylglyeerols is similar.

The fatty acid composition of
If the selection of triacyl

glycerol molecules for lipolytic attack is random, the
removal of certain fatty acids from the molecules in the
formation of the partial acylglycerols is indicated.

The

lipases involved may be specific for either certain fatty
acid structures or for certain substituted position(s) on
the triacylglycerol moleculesi the latter is a possibility
which will be discussed below.
This discussion thus far has dealt with the fatty acid
compositions of the glycerolipids occurring in the selected
tissues from HallotMa virescens. Examination of these
lipid fractions has shown that tissue specificity exists
and that glycerolipid composition is consistent with tissue
function.
In HeJLiftthig virescens. as in other lepidopterans,
lipid metabolism throughout development is geared to provide
the requirements of the adult.

Because the moth does not
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feed and is, therefore, short-lived, the triacylglycerols of
the pupal fat body, which are accumulated during larval
growth, are the parent molecules for many of the adult
glycerolipids.

Complete characterization of triacylglycerol

molecules involves not only determination of the fatty acid
composition, but knowledge of the placement of those fatty
acids within the glycerol raoeity as well.
Having reviewed the results of stereospecific analyses
of many different plant and animal species, Brockerhoff
(1971 ) proposed that certain tendencies of positional distri
bution of fatty acids in triacylglycerols exist.

In animals,

position 1 is occupied by saturated fatty acids, position

2

contains short, unsaturated (<C20) fatty acids while position
3 is generally more random in composition than positions 1 and
2

and includes long-chain fatty acids.
The stereospecific analysis of triacylglycerols from

IfiPfihclft roaJLifeftK (Brockerhoff &£ al., 196 6 ) and Ceratitis
canitata (Municio

al*• 19 75 ) indicated that both of these

insects conform to Brockerhoff's postulatet however, neither
insect is a lepidopteran.

Furthermore, in both studies,

lipids were extracted from whole insects.

The stereospecific

analysis reported here for the lepidopteran Heliothls
virescens results from examination of triacylglycerols from
a single tissue collected after sexual determination, the
female fat body.

The population of molecules is not subject

to potential tissue and sexual variations.
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The triacylglycerols of Heliothis virescens fat body
are similar to those of most animals as well as Tsnebrlo
molitor and Ceratltls capitata in the positional distribution
of fatty acids,

Palmitate dominates position 1, but a large

amount (}4Q mole

%)

in position 3 results in molecules which

are more symmetrical than originally anticipated.

More

linoleate is present in position 1 than in position 3 for
both Group A and B while more oleate is found in position 3
than in position 1.

One unusual aspect of the fatty acid

distribution of Heliothis virescans is the placement of most
of the palmitoleate in position 3»

The triacylglycerols of

Groups A and B differ in the amount of palmitoleate each
contain.

In Group A, the excess palmitoleate is found in

position 3 with some redistribution in position 2,

The

composition of position 2 appears most fixed with positions
1 and 3 compensating for the fluctuations in composition.

Further experiments in which slight changes in triacyl
glycerol fatty acid compositions are dietarily induced would
allow examination of the minute fluctuations in fatty acid
placement,
A structural model of a typical Heliothis virescens
triacylglycerol, l-palmitoyl-2 -linoleoyl-3“palmitoleoylsn-glvcerol. is shown in Figure 24.

The saturated fatty acid,

palmitate, is a straight chain which is free to rotate at
position 1.

Palmitoleate, which is free to rotate at posi

tion 3 » and linoleate in position 2 illustrate the effect of
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cis double bonds on the carbon chain.

Each cis bond

imposes a bend at its location.
The utilization of triacylglycerols in insect tissues
must involve hydrolytic removal of fatty acids by lipases.
As indicated earlier, little information on insect lipases
is available, although numerous experiments have documented
esterase activity which is specific for
acids (Gilbert, 1967 ).

Gy

C^, and

fatty

From the positional distribution of

fatty acids in the parent triacylglycerol molecules and the
fatty acid compositions of tissue partial glycerolipids,
some hypotheses concerning the formation of these molecules
can be made.
The diacylglycerol fraction may be composed of
1,2(2,3 )- and 1,3 -diacylglycerols.

If diacylglycerols are

synthesized by the glycerol 3 -phosphate pathway, the 1 ,2 diacylglycerols should predominate. If diacylglycerols are
formed by lipolytic attack on triacylglycerols, the structures
of the resulting products are dependent upon the positional
specificity of the lipases involved.

Likewise, the formation

of monoacylglycerols by hydrolytic cleavage via lipases is
subject to the same restrictions.
In the pupal fat body, the diacylglycerols present are
(1) the products of sLe novo synthesis or (2) molecules trans
ported to the fat body via the hemolymph or (3) the result of
lipolytic attack on triacylglycerols.

although all of these

sources may contribute to the diacylglycerol pool, the origin
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from triacylglycerols is most likely, because the insect is
no longer ingesting food and must begin to utilize reserves.
What then can be said about the nature of the lipolytic
attack?

Both 1,2(2,3)- and 1,3” diacylglycerols were

detected in analysis of fat body lipids, but 1,3-diacylglycerols are easily formed by isomerization.

If the diacyl

glycerols are 1,2(2,3)-substituted, the fatty acid composi
tion compared to fat body triacylglycerols should reflect the
twofold occurence of position 2 fatty acids.

If only 1,2-

or 2,3-diacylglycerols occur, then a reduction in palmitate
relative to triacylglycerols is expected• The presence of
only 1,3-diacylglycerols would result in reduced linoleate
and trace amounts of linolenate.

The fatty acid composition

of the fat body diacylglycerols is most consistent with the
occurence of 1,2(2,3)-diacylglycerols in which unsaturated
fatty acids are slightly elevated.

If correct, the lipase(s)

involved must be selective for removal of fatty acids from
positions 1 and 3.

Mammalian pancreatic lipases are examples

of such enzymes.
The genesis of the glyeerolipid fractions of flight
muscle is more difficult to predict.

As stated earlier, the

muscle triacylglycerol is probably from associated fat body.
Unlike pupal fat body diacylglycerols, muscle diacylglycerols
contain very little linolenate.

If only 1,2(2,3)-diacyl

glycerols are present, the amount of linolenate should be
elevated.

Because of the high rate of metabolic activity in
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flight muscle, several sources of diacylglycerols are likely,
fig. novo synthesis, transport from fat body, and hydrolytic
cleavage from triacylglycero1s are all possible.

The

presence of 1»3”diacylglyeeroIs could explain the decrease
in position 2 fatty acids.
may be present.

Both 1,2(2,3)- and 1,3- moieties

If these occur in approximately equal

amounts, the end result sould be a diacylglycerol composition
similar to that of the triacylglycerols. The large amount
of unsaturated fatty acid in the fatty acid fraction may
indicate selectivity of lipolytic attack on position 2.
Another explanation is that saturated fatty acids are removed
more quickly from the pool than unsaturated fatty acids.
The triacylglycerols of the testes are products of that
tissue and are probably formed by reacylation of diacyl
glycerols arriving from the fat body.

This is indicated by

the unusually high levels of palmitoleate which must be
synthesized by the testes or selectively retained. The
diacylglycerols are either synthesized £g. novo, undergo
deacylation-reacylation or are formed from testes triacyl
glycerols, because the amount of diacylglycerol palmitoleate
is also elevated.

The synthesis of palmitoleate may serve as

compensation such that the C^g fatty acids can be efficiently
utilized in phospholipids.

If palmitoleate is added to

1,2(2,3)-diacylglycero1s transported from the fat body, the
triacylglycerols would contain most of the palmitoleate in
primary positions.

Attack by a lipase specific for the
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secondary position would result in a diacylglycerol fraction
rich in palmitoleate, palmitate, and stearate, but contain
ing little

fatty acids.

This is, in fact, the composi

tion of the testes diacylglycerol fraction.

An alternative

suggestion is that linoleate and linolenate, which may be
immediately sequestered for phospholipid synthesis, are
replaced by palmitoleate at position 2,

Only stereospecific

analysis of testes glycerolipids can resolve this issue»
The lipids from 12-hour-old eggs contain triacyl
glycerols similar to the fat body molecules except that
oleate is elevated and linolenate and linoleate are decreased.
After transport and uptake of diacylglycerols from the fat
body

by the developing oocyte, the formation of triacyl

glycerols requires synthesis of additional fatty acid* prob
ably oleate.

Like the lipids of the testes, the egg diacyl

glycerols contain increased amounts of palmitoleate and less
linoleate and linolenate.

Synthesis of palmitoleate and its

use within the egg may function in conservation of linoleate
and linolenate as described for testes.

If the positional

placement of fatty acids in egg glycerolipids is similar to
fat body triacylglycerols, the diacylglycerols are most
likely of the 1,3-substituted variety since palmitate,
palmitoleate, and stearate are elevated over egg triacyl
glycerol levels and oleate, linoleate, and linolenate are
much reduced.

This observation is consistent with the

removal of position 2 fatty acids.

The compositions of the
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egg glycerolipid fractions and fatty acids after cold
storage indicates that lipases acting at low temperatures
preferentially remove fatty acids found in position 2.

Both

diacylglycerols and monoacylglycerols contain elevated sat
urated fatty acids as well as palmitoleate whereas oleate,
linoleate, and linolenate are reduced. The formation of
monoacylglycerols from diacylglycerols increases the degree
of saturation of the monoacylglycerols,
If the assumptions from which these ideas derive are
correct, it follows that the lipase(s) of the fat body is
distinctly different from that of the testes and egg.

The

hydrolysis of fatty acids from the primary positions is
indicated in the formation of fat body diacylglycerols whereas
testes and egg diacylglycerols appear to derive from a lipo
lytic attack upon the secondary positions of the
triacylglycerols.
Admittedly, such an assessment of the nature of the
lipolytic activity within these tissues can be validated
only by study of the enzymes themselves and by stereospecific
analyses of glycerolipid fractions which are the reactants
and the products.

Invaluable information may also be obtained

from the use of radioactively-labelled precursors in conjunc
tion with stereospecific analyses of the resulting glycero
lipids.

Only with additional studies such as these can the

flux and function of the various glycerolipid molecules with
in a given tissue be thoroughly understood.
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GLOSSARY

coleopteran1! Any insect of the order Coleoptera which
contains the beetles and weevils; the largest insect
order including over 2f>0,000 known species.
corpora cardiacat A pair of neuroendocrine structures
attached to the brain of certain insects.
dipteran; Any insect of the order Diptera which includes
the true flies, gnats, midges, and mosquitoes, charac
terized by a single pair of wings, the second pair
represented by a pair of halteres (club-shaped
balancing organs).
exuviaet Cast-off materials from the surface of an organism
as shed exoskeleton, skin, scales, hair, etc.
hemolvmpht The circulating fluid of animals with an open
circulatory system.
holometaboloust Designating insects which undergo complete
metamorphosis (see below).

"^Definitions from Edwin B Steen, Dictionary &£ Mfil&gy,
Barnes and Noble, New York, 1971.
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instar: The stage of the development or the form assumed
by an insect between successive molts (see below).
The first instar is between hatching and the first
molt.
integument t The surface covering of the body in various
invertebrates.
lepidooteran: An insect of the order Lepidoptera which
comprises the moths, butterflies, and skippers
characterized by two pairs of wings covered by over
lapping scales, sucking mouth parts, and complete
metamorphosis (see below)j the larvae are called
caterpillars.
metamorphosis: A change in shape or form which an animal
undergoes in its development from egg to adult as seen
in insects (egg, numph, adult— incomplete metamor
phosis? egg larva, pupa, adult— complete
metamorphosis).
moult: Also molt.

To shed and develop anew the outer

covering of the body, as the cuticle, exoskeleton,
skin, hair, or feathers.
oocvte: In oogenesis, a cell which develops from an
oogonium and, following meiosis, becomes a mature
ovum.

See oogenesis.
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aogenesisi The processes involved in the origin, growth,
and development of a mature, haploid ovum; gametogenesis in the female,
orthopteram

An insect of the order Orthoptera which

includes the grasshoppers, locusts, katydids, crickets,
cockroaches, mantids, and walking sticks.

Front wings

are straight and narrow and cover the hind wings
which are folded like a fan; mouth parts biting;
metamorphosis incomplete.
pupat In insects with complete metamorphosis, a dormant,
inactive stage between the larva and the adult or
imago.

It is usually enclosed within a protective

structure as an earthen cell, cocoon, or puparium.
saturniidt A moth of the family Saturniidae which includes
the giant silkworm moths.
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